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ABSTRACT
Context. ESA’s space based γ-ray observatory INTEGRAL includes the spectrometer instrument ’SPI’. This is a coded mask tele-
scope featuring a 19-element Germanium detector array for high-resolution gamma-ray spectroscopy, encapsulated in a scintillation
detector assembly that provide a veto for background from charged particles. In space, cosmic rays irradiate spacecraft and instru-
ment, which, in spite of the vetoing detectors, results in a large instrumental background from activation of those materials, and leads
to deterioration of the charge collection properties of the Ge detectors.
Aims. We aim to determine the measurement characteristics of our detectors and their evolution with time, i.e. their spectral response
and instrumental background. These incur systematic variations in the SPI signal from celestial photons, hence their determination
from a broad empirical database enables a reduction of underlying systematics in data analysis. For this, we explore compromises
balancing temporal and spectral resolution within statistical limitations. Our goal is to enable modelling of background applicable to
spectroscopic studies of the sky, accounting separately for changes of the spectral response and of instrumental background.
Methods. We use 13.5 years of INTEGRAL/SPI data, which consist of spectra for each detector and for each pointing of the satellite.
Spectral fits to each such spectrum, with independent but coherent treatment of continuum and line backgrounds, provides us with
details about separated background components. From the strongest background lines, we first determine how the spectral response
changes with time. Applying symmetry and long-term stability tests, we eliminate degeneracies and reduce statistical fluctuations
of background parameters, towards a self-consistent description of the spectral response for each individual detector. Accounting for
this, we then determine how the instrumental background components change in intensities and other characteristics, most-importantly
their relative distribution among detectors.
Results. Spectral resolution of Ge detectors in space degrades with time, up to 15% within half a year, consistently for all detectors,
and across the SPI energy range. Semi-annual annealing operations recover these losses, yet there is a small long-term degradation.
The intensity of instrumental background varies anti-correlated to solar activity, in general. There are significant differences among
different lines and with respect to continuum. Background lines are found to have a characteristic, well-defined and long-term consis-
tent intensity ratio among detectors. We use this to categorise lines in groups of similar behaviour. The dataset of spectral-response and
background parameters as fitted across the INTEGRAL mission allows studies of SPI spectral response and background behaviour in
a broad perspective, and efficiently supports precision modelling of instrumental background.
Key words. instruments: gamma ray – techniques: spectroscopic – radioactivity – cosmic rays
1. Introduction
The International Gamma Ray Astrophysics Laboratory
(INTEGRAL, Winkler et al. (2003)) was launched into space by
ESA in 2002 for a mission of 3+2 year nominal duration1. Since
then, INTEGRAL has been accumulating a legacy database of
the sky in hard X-rays and soft γ-rays from eventually two
decades of observations. The SPI coded mask telescope (Fig. 1)
is one of the two main instruments on INTEGRAL. This instru-
ment has been designed as a spectrometer for γ-ray lines from
celestial sources in the energy band from 20 to 8000 keV. It
is described in detail in Vedrenne et al. (2003), pre-launch and
initial in-flight calibrations are described in Attie´ et al. (2003)
? e-mail: rod@mpe.mpg.de
1 The INTEGRAL mission has been extended after reviews every
two years since; INTEGRAL may continue to operate until its con-
trolled re-entry into the Earth atmosphere in 2029, although solar-array
degradation may become critical in the mid-20ies.
and Roques et al. (2003), respectively, and five years of space-
craft and instrument operations are reviewed in Fahmy et al.
(2008). Main scientific goals of the INTEGRAL space mission
are (Winkler et al. 2003, 2011): A survey of the high energy
sky with particular attention to sources such as binary systems,
active galaxies, and transients such as stellar explosions and out-
bursts, flares, and state transitions, and the study of cosmic nu-
cleosynthesis using nuclear lines. The latter is a unique domain
of SPI due to its spectral range and resolution (see review by
Diehl 2013).
Gamma-ray spectroscopy presents its unique challenges:
Data from observations over several years need to be analysed
coherently for typical source intensities of 10−5ph cm−2s−1. In
a 106 second observation, such a typical source would yield
about 2500 source counts within a total of ∼3 107 SPI event
counts. Variations of instrumental backgrounds and detector re-
sponses are significant. Therefore cosmic signals are best recog-
nised when knowledge about instrumental backgrounds and de-
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Fig. 1. SPI instrument on INTEGRAL, schematic (left) and as
a cut-away showing components more clearly (right). Its key
elements are the 19 Ge detector camera mounted in a cryostat
for operations at ∼80K, a mask with tungsten elements block-
ing parts of the field of view for about half of the detectors, and
an anti-coincidence detector system (ACS) enclosing the entire
instrument and vetoing events from prompt cosmic-ray inter-
actions, using BGO scintillators and a plastic scintillator plate
(PSAC), each with photomultiplier tubes for measuring the scin-
tillation light.
tector responses and their variations are integrated parts of the
data analysis, in an iterative forward-folding approach.
Here we describe ingredients of methods towards high-
resolution γ-ray spectroscopy with SPI, as obtained from many
mission years, and the collective studies performed on a vari-
ety of sources of cosmic γ-rays. In particular, we show how
we exploit the characteristic signatures in the instrumental back-
ground to extract details about the spectral response. These pro-
vide a better understanding of the background itself, and enable
an improved inclusion of the instrumental measurement- and
background-characteristics in specific astrophysical studies.
This paper is organised as follows: In Section 2, we set the
context and first describe the general approach of analysing SPI
data, defining terminologies and the essential data properties.
Section 3 presents our method to extract spectral-response and
background detail for the multi-year data archive. In Sections
4 and 5, we then describe the results obtained for the spec-
tral response, and instrumental background, respectively. An
Appendix provides details on background lines and on the
database of spectral-fit results.
2. Analysis of SPI data
Here we describe how response and background information en-
ters into the astrophysical analysis of SPI data, in order to illus-
trate critical dependencies and impacts.
2.1. SPI primary data
The original data of the SPI instrument consist of events that trig-
ger the Ge detectors. Registration of SPI events is disabled when
the anticoincidence system signals a trigger (window width 725
ns), e.g. from a charged particle interaction. The signals mea-
sured by front-end electronics for each event are: the time of the
trigger, the detector identifier, and the signal pulse height. For
events that triggered more than one of the Ge detectors within
the coincidence time window of the front end electronics (350
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Fig. 2. Energy spectra measured with SPI during the
INTEGRAL mission. Above: Mission-integrated all-detector
spectrum (orbits 43-1730). This allows to identify even weakest
background features. Inserts show spectral regions near the
two brightest celestial lines, the 511 keV line from positron
annihilation (lower-left), and the 26Al line at 1809 keV from
diffuse nucleosynthesis throughout the Galaxy (upper-right).
Middle and below: The same spectrum, now accumulated just
for detector no. 0 and orbit no. 1000 (middle) , and for one
detector (no. 0) and one pointing (below).
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Fig. 3. SPI Ge detector arrangement and shadograms from the
mask. The 19 Ge detectors of the SPI camera are arranged in
a hexagonal, densely packed, configuration (top). Detectors are
numbered inside-out, starting from 0 for the central detector.
Shadowgrams are cast by the mask onto the Ge camera. The
figure set below shows these shadowgrams for a point source
on axis, and for the 25 telescope reorientations in steps of 2.1
degrees (pointings) that comprise a standard 5x5 dither pattern.
Intensity received by each detector is colour-coded from black
(none; shadowed) through red, yellow to white (full exposure).
ns), multiple time tags, detector identifiers, and pulse heights
are included in a corresponding event message (Multiple Events,
ME). Pulse shape information is captured from a dedicated elec-
tronics, and added to help data selections. The logical scheme
of the onboard electronics and how it transforms detector sig-
nals into telemetry components is illustrated in Vedrenne et al.
(2003) (their Fig. 2 and Table 1), and described in more de-
tail in Section 7 of Roques et al. (2003). For simplicity, here
we describe only events that trigger a single Ge detector (Single
Events, SE) and pass the event selections2.
Pre-processing of these event data at INTEGRAL’s Science
Data Centre (ISDC) includes a first-order energy calibration of
the pulse height to keV units, and sorting them into count his-
tograms, for each Ge detector separately, and for each spacecraft
pointing; pointings comprise ∼half-hour long intervals where
the SPI telescope was oriented with its central field of view
(z axis) pointing towards a particular sky direction. Auxiliary
data such as detector dead times, and the start and end times, as
well as direction coordinates of each pointing complement the
pre-processed database. Fig. 2 shows examples of SPI data his-
tograms for different accumulation times; these are discussed in
more detail below.
For convenience of data management, but also due to ex-
pected background variations, we group data by spacecraft or-
bits3. INTEGRAL’s orbit is highly eccentric to include long
times beyond the radiation belts and thus in more-stable back-
ground environments, with an initial perigee/apogee of 9000 km
and 154,600 km, respectively. One spacecraft orbit is completed
within 72 hours (three days4). Additional, natural, long-term
groupings of data are incurred by the regular annealing opera-
tions, and by failures of Ge detectors.
We describe these SPI data in the form of histogram sets
as event counts per data space bin, di, j,k, with i, j, k being the
indices of pointing, detector, and energy bin that span the data
space. The 19 detectors are identified by number (see Fig. 3), and
energy bins are 0.5 keV wide and span a range of 20–2000 keV
in our case5.
These data are the result of the instrument’s response to
the γ-ray sky and the underlying instrumental background.
Modelling the measurement process, we may write the structure
of data as:
di, j,k =
∑
l
Rl;i jk
Ns∑
n=1
θnS nl +
Ns+Nb∑
n=Ns+1
θnBn;i jk (1)
Here, we identify sky model components S n, such as point
sources and diffuse emissions. These are formulated in image
space, as photon source intensities per sky direction l. The in-
strument response matrix Rl;i jk must be applied, to link the
source locations on the sky to data, combining coordinate trans-
formations per pointing to aspect angles, and then accounting
for mask/detector configurations. This sky signal is superim-
posed onto a large instrumental background, and we distin-
guish components e.g. from continuum and from lines reflect-
ing specific processes. The background models are formulated
in the same data space of detectors and their counts; no spe-
cific instrumental-response application is required, in particular
no shadowing by the mask occurs, as background is recorded
by the active detector volumes from all directions. The scientific
2 Event selections include pulse shape information, which was found
to improve the sensitivity in the energy range 500-1100 keV; those se-
lected single events are also called ’PE’.
3 Orbits are also often called ’revolutions’ in the INTEGRAL com-
munity.
4 After ESA’s orbit adjustment in January 2015 for a controlled re-
entry in February 2029, the current orbit duration is 2 days and 16 hours.
5 The SPI energy range is subdivided into a low, 20-2000 keV and
high, 2000-8000 keV part, according to different resolutions of the
analogue-to-digital conversion electronics; we focus here on the low
range, and will address the high range in a separate paper.
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analysis of SPI data is typically approached as a comparison of
the data as measured to predictions from models6.
2.2. Astronomical response
The imaging information that characterises a set of photon
events coming from a celestial source is their shadowgram, i.e.
how they are characteristically distributed over the 19 detectors
of the camera. For a source shining through the mask of the SPI
telescope’s aperture, some of the 19 detectors are shadowed and
thus do not record events from the celestial source, while others
are exposed to the source (Fig. 3). There are intermediate cases
of partial shadowing, depending on the source aspect angle.
Typically, the INTEGRAL telescope orientation is system-
atically varied in small steps around the target direction. This
is called dithering, and it produces additional modulation of the
imaging information (see lower part of Fig. 3). The dithering pat-
tern of successive such pointings is normally a 5×5 grid around
the target direction, with steps of 2.1 degrees, shown in Fig. 3;
sometimes, a hexagonal pointing pattern is used, which avoids
partial shadowing of detectors for point sources.
Over the typically long exposure time with hundreds to many
thousands of pointings thus a well-defined modulation of the
celestial signal is produced. This ’detector pattern’ of relative
counts among detectors is the key to distinguish celestial from
instrumental-background events, which should not vary in this
way from pointing to pointing (see below). For source intensi-
ties which are typical for astrophysical γ-ray lines at MeV ener-
gies of ∼10−5ph cm−2s−1 (see e.g. Diehl 2013), the 255 cm2 of
typically-exposed Ge detector area will capture only few photon
events per telescope pointing interval, ∼ 0.5 events per detec-
tor for a 1-hour pointing7. Therefore this modulation is realised
only in a statistical way through the number of totally detected
source photons. The response matrix Rl;i jk encodes the imaging
response, i.e. how the occultation by the coded mask affects vis-
ibility of the source direction from each of the Ge detectors of
the camera during the observations. Coordinate transformation
between the instrument coordinate system (see top of Fig. 3) and
celestial coordinates are part of this response matrix application.
The instrument’s spectral response is not employed in this
high resolution spectroscopy analysis that aims for astrophysi-
cal γ-ray lines. The celestial photon flux is derived in spectral
resolution bins finer than instrumental resolution. Any spectral
analysis across wider spectral bands may apply the spectral re-
sponse in a further deconvolution step.
2.3. Instrumental background
SPI Ge detector spectra are dominated by instrumental back-
ground, and characterised by a continuum falling towards higher
energies, with many lines from nuclear de-excitation superim-
posed (Fig. 2). Energetic particles in general are the cause of
instrumental background; for our purpose, we do not distinguish
their origins from cosmic rays, or Earth albedo, or radiation
belts, as we pursue an empirical characterisation rather than a
6 The background cannot be simply ’subtracted’; e.g. Poissonian fluc-
tuations might lead to negative source intensities. A direct deconvolu-
tion also is not possible, because the response matrix is singular and
inversion thus ill-defined.
7 Estimated counts per detector are ηAcameraTpntgFsourcen−1det ∼
(255/19) ∗ 3600 ∗ 10−5 ∼ 0.5, where the detection efficiency η is close
to 1 for low energies around 100 keV, and about 0.1 at energies of MeV.
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Fig. 4. Different types of events recorded by SPI detectors.
From the three cosmic photons (green, 1-3), single events (SE,1),
multiple events (ME,2), or self-vetoed events (3) may arise.
Background event types are from photons blue which may be
prompt cosmic-ray (red dashed) related (4,5), or delayed and
radioactivity events (6); some of these may, or may not, be ve-
toed by the anticoincidence. Structural elements with different
materials may create continuum photons and lines at different,
characteristic, energies.
bottom-up physical model8. As such high energy particles (en-
ergies MeV to GeV) collide with atoms and nuclei of space-
craft materials, prompt and delayed radiation processes are stim-
ulated (see illustrations in Fig. 4). Many of these produce pho-
tons in the energy domain where SPI aims to measure cosmic
γ-rays. Bremsstrahlung and electromagnetic nuclear transitions
provide a prompt background of photons, and nuclear reactions
of cosmic-ray protons create secondary protons, neutrons, and
nuclei, as well as excited nuclei and radioactive isotopes, which
may lead to delayed background events.
The continuum part of background originates in a variety of
processes, dominated by bremsstrahlung from secondary parti-
cles, with full or partial energy deposits in detectors. The well-
defined narrow background lines have more specific origins,
each one mostly related to a single specific isotope and its nu-
clear de-excitation emission. The primary activation, or excita-
tion, of a nuclear energy level above the ground state can be
caused by cosmic-ray interactions, and is a resonant process,
with a maximum of its cross section near the nucleus excita-
tion energies. These are in the range from about 50 keV to 10
MeV, depending on the atomic nucleus, so that cosmic rays in
the range of several tens of MeV per nucleon are most relevant.
8 Our studies based on GEANT physics simulations, although gen-
erally providing a good guide to understand instrumental backgrounds
(Weidenspointner et al. 2003), are quantitatively not accurate enough
for proper background descriptions as needed for astrophysical data
analysis. However, the implications of the background created within
SPI detectors for solar activity, earth magnetosphere, earth albedo, and
radiation belts, are all interesting scientific questions that should/will be
addressed; they are considered beyond the scope of this paper, however.
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Fig. 5. Evolution of SPI detector count rates over the mission.
The SPI anticoincidence system mainly records charged-particle
interactions, thus creating a veto signal for the Ge detector elec-
tronics; this avoids full processing of Ge detector signals for
events that are coincident with a cosmic-ray hit. Shown are mea-
sured rates of the anticoincidence system (blue, left axis), and
two different event rates in the Ge detectors (green for total,
red for non-vetoed and thus either delayed background or po-
tentially celestial triggers; right-side axes). Sporadic high rates
are caused by solar flares.
Excited nuclei also can result as daughter products from radioac-
tive decays of unstable atomic nuclei.
At energies below a few hundred MeV per nucleon, the near-
earth spectrum (and composition) of cosmic rays is variable and
not predictable in detail (Potgieter 2013; Benhabiles-Mezhoud
et al. 2013). Therefore, absolute background estimations, from
simulations, or from analytical estimates, are highly uncertain;
we follow an entirely-empirical approach in our work, for this
reason.
During the INTEGRAL mission, the cosmic-ray intensity
varies on several time scales: On the annual scale this is due
to solar particle flux variations caused by the 11-year solar ac-
tivity cycle, and by shielding variations from varying magnetic
fields in the heliosphere; the latter is driven by solar activity. On
the orbital time scale, the passage near radiation belts at perigee
leads to a high dose of charged particles, and this activation of
spacecraft materials decays during the remainder of the orbit as
the spacecraft is in quieter regions. Solar flares lead to impulsive
irradiation of the spacecraft with charged particles and neutrons;
during the active phases of the Sun, these may occur at frequen-
cies of several per day.
Fig. 5 shows the charged particle flux that is measured with
SPI’s anticoincidence detector system (axis on the lefthand side),
as well as the rate of Ge detector events, which result from the
background that is not suppressed by the anticoincidence veto
signals directly (right-sided axis). Here the first and last 10%
of each orbit, i.e. close to perigee and radiation belt passages,
were not included; this is similar to the standard event selections
used for scientific analyses of SPI data. Nevertheless, the strong
impact from solar flares is clearly seen, beyond the main long-
term modulation caused by the 11-year variation of solar activity.
2.4. Response and background aspects of SPI data analysis
According to Equ. 1, the measured data can be represented by a
combination of the sky and background models, optimising their
amplitude parameters through a maximum-likelihood method.
We determine the best fit for the intensity scaling factors of a
sky intensity distribution model, together with the scaling factors
for the model of the instrumental background, across an energy
range of interest; this is the differential intensity spectrum of the
sky.
The models used herein are based on prior knowledge
about the sky and about instrumental background. Degeneracies
may occur, and compromise the result for celestial emission.
Differences in the detector ratios and the temporal variations
among those two model components are the main leverage to
distinguish sky and background. The empirical determination of
the detector pattern for backgrounds, using the data from all ob-
servations during the mission, promises to improve precision.
In summary, our analysis approach is based on two key as-
sumptions about instrument-specific aspects:
(1) The relative contributions of detectors to the celestial-source
signal follows the mask shadowing of detectors.
(2) The instrumental background variations are not related to
small spacecraft re-pointings, and retain characteristic signa-
tures such as spectral shape and relative detector ratios across
such re-pointings.
The second assumption allows a separation of background vari-
ations into intensity and signature, towards the following two
parts:
(a) The ratios of detector count rates are characteristic, and dif-
ferent, for each background line and for continuum. Hence
such decomposition is required and justified. Characteristic
detector ratio patterns can be determined from data that are
largely independent of celestial signatures, e.g. integrating
data per detector over many different pointings and time for
sufficient statistics (typically one orbit). Re-determining this
detector ratio in successive time intervals, e.g. per each orbit
can accommodate long-term changes.
(b) Intensity variations of instrumental background components
among adjacent pointings can be traced through an inte-
grated signal. This is obtained from all detectors and over
a wider energy range, and thus has sufficient statistical pre-
cision. The statistical limitations of data from only a single
detector and a fine energy bin can be overcome in this way.
Therefore we decompose background into the physically-
different model parts of spectral signature, detector ratio sig-
nature, and background intensity variation per each component
n:
Bn,i, j = ti · r j · s j,n (2)
Here, i characterises time in units of pointings, and j identifies
individual detectors.
The spectral signature s for background lines essentially
is a Gaussian with a centroid energy that is characteristic for
the physical process. This needs to be adapted to each detec-
tor’s spectral resolution and degradation, and their temporal
variations (see Equ. 5 below for more details). These detector
properties can be determined from combining information of
many instrumental lines. The individual-line results can be com-
bined with constraints for their consistent behaviour with energy,
which will reduce any systematic variations that could otherwise
5
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be introduced from statistical uncertainty of a local measurement
per detector and energy bin.
The detector ratio signature r characterises background
types that originate from physical processes linked to specific
isotopes, and their locations within spacecraft and instrument
(see Equ. 8 below for more details). It is is determined from all
data integrated over the energy range corresponding to the line
width of the particular process, accounting for detector-specific
spectral responses. The solid angle under which a particular SPI
detector ’sees’ the relevant nuclei, isotopes, and β-decays affects
its count rate for a particular background process. The effective
solid angle9 of each detector for such background is given by ge-
ometry of detectors, instrument, and spacecraft; all this remains
constant.
Changes in the primary irradiation of the materials by
cosmic-ray particles will affect the overall intensity of each type
of background event, but not the locations of their origins. The
cosmic rays as originators of the background penetrate all mate-
rials, and thus the characteristic detector ratio will remain con-
stant, although the total intensity may vary (see Sect. 5 below).
Second-order effects might be due to the preferred incidence di-
rections of cosmic rays, especially at lower energies where rigid-
ity cutoffs are dominant, e.g. when the satellite orientation is
changed by major angles, pointing to a different sky region. But,
most importantly, the relative detector pattern does not change
from pointing to pointing (see Figures 17 and 16), in particu-
lar not among the different dithering pointings when a particular
sky region is observed for ∼days. The particular pattern of rel-
ative counts among detectors for instrumental background thus
can be determined in better statistical precision from data accu-
mulating over multiple pointings.
The intensity variation t over the times of consecutive point-
ings can then be determined, eliminating the known effects of the
different detector responses and relative detector intensity ratios.
Integrating over data from all contributors with analogous char-
acteristic intensity variations between different pointings, sta-
tistical precision is increased for this relative change of back-
ground. This is done fitting for each successive pointing the total
intensity of a spectral model of background consisting of all lines
and continuum, summed over all detectors with their specific re-
sponses. Note that the total (absolute) number of background
counts per spectrum finally needs to be determined according to
Equ. 1 above, also accounting for sky contributions.
This factorisation of background (Equ. 2) allows to deter-
mine each of its components on a broader data basis, compared
to background modelling that relies on each single energy bin’s
counts, with their statistical (Poissonian) uncertainty. Thus the
overall precision of the background model is improved. The sta-
tistical uncertainty, however, in each data space bin, remains a
fundamental limit (see Equ. 1).
3. Determining spectral-response and background
characteristics and trends
We exploit the first 13.5 years of the INTEGRAL mission data
archive towards establishing a detailed spectral response and
background history of SPI: The instrumental background dom-
inates SPI data and includes a multitude of clear lines, which
hold the necessary details. We use Ge detector data in the energy
range 20-2000 keV. These are binned at a resolution of 0.5 keV,
which is small compared to the instrumental resolution of SPI of,
9 Here, effective solid angle means taking into account both the emis-
sivity of the source and the shielding effect of intervening material.
4 The 511 keV Electron-Positron Annihilation Signal in the Milky Way 101
Figure 4.3: Sky exposure with SPI for the data set analysed. The units of the map are given in cm2s. The equivalent
exposure time is calculated for 19 detectors with an effective area of ∼ 75 cm2 for photon energies around
511 keV. The contours, starting from the innermost, correspond to exposures of 22 Ms, 16 Ms, 9 Ms,
4 Ms, 2 Ms, 1 Ms, 0.5 Ms, and 0.1 Ms, respectively. The total exposure time is 160 Ms.
|l| < 15◦ 15◦-60◦ 60◦-105◦ 105◦-180◦
T+
30.8
21.8 17.6
30.7
T− 20.4 15.6
Table 4.1: Exposure times in different regions of the sky. The times have been extracted from the exposure map
(Fig. 4.3) in the listed longitude ranges and for latitudes |b| < 45◦ in each case. T+ and T− are the
exposure times for positive and negative longitudes, respectively, given in Ms.
4.3 Treating the Background Near 511 keV
In the energy range between 490 and 530 keV, there are eight instrumental back-
ground lines on top of an instrumental background continuum which can be de-
scribed by a power-law function. In Fig. 4.4, the mission integrated spectrum in
that range is shown, together with a statistical fit using function Eq. (3.15). The
derived parameters of this fit serve as the starting points for the MCMC fits de-
scribing the spectra per revolution and detector, thereby creating the instrumental
background data base, s d pic ed in Sec. 3.2.3.4.
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Figure 4.4: Background spectrum (black histogram) in the vicinity of 511 keV. The identified instrumental back-
ground features, i.e. lines and continuum, are indicated with dashed red lines; summing them together
gives the total model in solid red. Possible line identifications are marked with arrows. See text for
further detail.
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Fig. 6. Spectral decomposition into lines, near the positron an-
nihilation line at 511 keV (above), and the 26Al line (below).
The annihilation line itself requires a composite model of a nar-
row (instrumental width) and a broader component, represent-
ing different modes of β-decays in spacecraft or detector ma-
terials. Several low-intensity lines at nearby energies are part of
the spectral model, all modelled as Gaussians (red dashed lines).
The isotopes causing these various background lines, as much as
identified, are indicated.
e.g., 2 keV (FWHM) around 0.5 MeV. With respect to temporal
resolution, a compromise is required between best spectral pre-
cision through sufficient statistics, and choices of accumulation
times for avoidance of any systematic variations or distortions.
Spectral shapes and intensity of background vary over time, and
the spectral detector responses change from degradation and an-
nealings; all this blurs spectral signatures within a few keV in
data integrated over longer times. Fig. 2 shows the all-mission
spectrum (above) and sub-samples for one orbit and one detec-
tor only (below).
As an initialisation step, we identify all spectral features
above a smooth continuum using the cumulative all-mission
spectrum (see Fig. 2, top). This accumulation maximises statisti-
cal precision so that even weak lines can be identified, although
lines may be somewhat distorted in shapes.
Each line is now modelled as a convolution of a Gaussian
line profile G(E) with amplitude A0, centred at energy E0 and
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with a width parameter σ, with a one-sided exponential T (E),
the latter representing the degradation of charge collection with
time between annealings as charcterised with degradation pa-
rameter τ (Kretschmer 2011; Siegert 2017):
G(E; E0, σ) = A0 exp
(
− (E − E0)
2
2σ2
)
(3)
T (E; τ) =
1
τ
exp
(E
τ
)
∀E > 0 (4)
L(E; E0, σ, τ) = (G ⊗ T )(E) =
=
√
pi
2
A0σ
τ
exp
(
2τ(E − E0) + σ2
2τ2
)
er f c
(
τ(E − E0) + σ2√
2στ
)
(5)
We represent broader spectral features with sets of such one-
side-distorted Gaussians. Therefore, not all candidate lines in our
list are related to real physical processes, at this stage. In par-
ticular, Compton edges of strong lines may thus show up as, or
blend with, other lines in our list10. The underlying continuum
is modeled as a power-law distribution, normalised at the centre
energy Em within the region of interest:
C(E;α, c0) = c0
(
E
Em
)α
(6)
The complete list of identified lines is presented in the Appendix,
Table B.1.
Fig. 6 shows in detail how specific parts of the spectrum can
be represented in this way. The spectral model over a range of
∼35–140 keV is composed of a minimum number of lines of
instrumental width. These line models are connected, as their
shape parameters share the detector characteristics of resolution
and degradation. Thus, e.g. for a 120-keV wide region, now a
model with, e.g., 20 lines has only parameters of amplitude and
centroid per each line, plus spectral resolution, degradation, and
two continuum parameters, i.e. 20 ∗ 2 + 2 + 2 = 46 parameters;
for comparison, modelling by the original fine spectral bins in
this case would result in 240 background-related parameters.
These spectral model components, as defined from the full-
mission integrated spectrum, are fit now to a dataset accumulated
during a shorter time. Here, a compromise must be chosen be-
tween statistical precision and tracing temporal variations. The
spectrum should have lines which should be free of distortions
from degradation or calibration drifts, so that it represents the
spectral response properly. Then, each line should have sufficient
statistics so that Poissonian statistical uncertainties are small
compared to the systematic variations from trends such as degra-
dation or increase from cumulative activation. With a degrada-
tion of about 1% per orbit and a spectral resolution of about 1–
2%, an accumulation time of one orbit is our preferred choice,
and compromise. Towards higher energies beyond 1.4 MeV and
their lower count rates, we found necessary to integrate spectra
from groups of several orbits, however.
We fit a region of interest (typically a range of about 100 keV,
with typically 20-30 components), separately for each individ-
ual detector. This results in spectral-line and spectral-response
parameters for each detector and orbit, including line centroids
(E0) and amplitudes, and spectral shapes (σ, τ) which charac-
terise its spectral response.
10 We flag such possible Compton edge origin in column 4 of the line
table in the Appendix.
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Fig. 7. Energy calibration of line centroids, channel units versus
energy. The energy calibration function used in preprocessing is
shown as (solid line in upper graph, dashed line in lower graph),
and is derived from Gaussian fits to a few strong lines which are
marked in red. Data points show the centroids as extracted from
our fits, for the strongest single/isolated background lines. The
lower graph shows the deviations of each line centroid from the
expected energy.
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Fig. 8. Variations of line centroid energies for four strong lines
with time. Each data point is the result of a fit for data from one
orbit. Each line apparently has its own systematic offset, super-
imposed onto variations of 0.01 to 0.03 keV. Degradation effects
are evident, strongest for the 205Bi line. The corrections of orbit-
by-orbit gain variations in preprocessing, by using centroids of
fitted symmetric Gaussians, leads to gradual shifts of calibra-
tion peaks, which then is observed as positive energy shift in the
asymmetric line fits reported here.
We validate the spectral fit quality through its χ2 value, and
the resulting detailed spectral parameters undergo a consistency
analysis to remove outliers and glitches from degeneracies. For
example, resolution widths σ and degradations τ together de-
termine the line widths, and present a degeneracy for data with
higher statistical noise. Neighbouring lines and other detectors
allow consistency checks, and the recognition of outliers leads
us to iterations of the fit with constrained parameters, to evaluate
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such degeneracies and resolve them towards a smooth and con-
sistent trend of spectral response parameters. Also, at this step
any transient sources that might have significant contributions
above instrumental background, such as solar flares or the flare
from microquasar V404 Cygni, will be recognised, and corre-
sponding data will not be used for determination of the instru-
mental response. The results of these spectral fits for the entire
mission are maintained in a database, which we provide as a ser-
vice to interested scientists. We describe the database file con-
tents and access tools to extract parameter values of interest in
the Appendix below.
4. Spectral-response properties
The energy calibration from electronic pulse height units to keV
units is derived from line centroids of Gaussian-shape fits for six
strong lines between 100 and 1800 keV. Gain variations from or-
bit to orbit also are accounted for, based on the observed shifts of
their centroids between orbits; the calibration reference is taken
from the early part of the mission, from orbit 43. This energy and
gain calibration is applied in pre-processing, and used through-
out all later data analysis. Fig. 7 shows how the centroid fits to
the strongest, single, isolated background lines with our multi-
component spectral model Equ. 5 compares to this calibration
of energies. The calibration function of energy E [keV] versus
pulse height p [channels 1-16384] is modelled as
E = c1
1
p
+ c2 + c3 p + c4 p2 (7)
(see solid line in Fig. 7 upper graph). The absolute energies as-
sociated to the reference line centroids are taken from the asso-
ciated physical processes, i.e. line origins assigned to the most
plausible isotope (Firestone & Shirley 1998; Weidenspointner
et al. 2003). The six strong calibration lines are marked (red
color) in Fig. 7; see also Table B.1).
Degradation of charge collection produces an asymmetric
line shape, and the spectral peak appears at lower energies with
increasing degradation. This determines the energy calibration
used in pre-processing, and so our spectral fits recover these
distortions, as an apparent increase of fitted photo peak cen-
troid energies, when this degradation asymmetry is accounted
for, Equ. 5. The selection of six lines only for determination of a
four-parameter calibration curve also leads to some scatter, that
can distort the calibration curve over a wider energy range (see
Fig. 7). It is evident that each line has its specific systematic off-
sets, from line blends or other physical effects that may shift the
line centroid energy away from the tabulated literature value, or
from variations of the gain correction. These offsets are within a
few tenths of a keV. The intrinsic (statistical) precision of the SPI
energy calibration is about 0.02 keV, as estimated from the vari-
ations of derived centroids of the 198 keV line. The achieved
absolute precision depends on the particular line, and is rather
estimated as ±0.04 to 0.05 keV, when accounting for systematic
variations incurred by the inadequate treatment of degradation
in the calibration and gain correction during pre-processing (see
Fig. 8).
We recover the proper absolute energy knowledge for each
individual γ-ray line in our spectral fits, as we account for de-
tector resolutions and degradation. We thus obtain more realistic
line centroids, which can be combined with physics knowledge
of specific line energies for proper absolute calibration of energy
in our spectra. These should be used when absolute energy units
are important. For example, a Doppler shift of 0.1 keV in the as-
trophysical 26Al line corresponds to a kinematic velocity of 122
km s−1 (Kretschmer et al. 2013). The effective line broadening
from these effects in data integrated over many revolutions is a
second-order effect and modest, by comparison with the statisti-
cal uncertainty of fitted line widths.
Fig. 9 shows the evolution of spectral line width (FWHM)
over 13.5 years, for several strong lines between 100 and 1800
keV. The spectral resolution degrades about linearly between an-
nealings by 10–15%. The degradation rate between different
annealings generally varies with the overall background inten-
sity as reflected in the anticoincidence system rates (Fig. 5), and
shows some irregular variations, generally remaining within a
narrow range of 0.5–1.5% per revolution. Spectral resolution is
restored from its gradual degradation with the annealings in a
single step. This behaviour is seen in all lines and at all energies.
Absolute degradation increases with increasing line energy (see
Fig. 9).
We only use lines for analysis of the spectral response which
are stand-alone and single lines, i.e., unaffected by blends, and
thus approximate most closely the intrinsic detector response
function see Table B.1, where these response-calibration lines
are highlighted). It may not always be possible to clearly isolate
instrumental response behaviour, and our visual inspection for
stand-alone lines may not always ensure that we are free of con-
tamination in our sample of intrinsic response measurements.
The spectral resolution of SPI’s Ge detectors across the en-
ergy range up to 2 MeV is shown in Fig. 10. The expected
trend with energy due to the increasing number of charges lib-
erated with increasing energy deposit in the Ge crystal is shown
for comparison, both as obtained from the prelaunch calibration
(dashed line; Attie´ et al. (2003)), as well as fitted to the mis-
sion data (solid line). Deviations from an idealised model of a
Gaussian spectral response result in systematic deviations from
the overall energy trend for specific lines. It is evident that the
511 keV line is systematically broader; it includes components
of physically-different origins (see the two components identi-
fied in Fig. 6). Also, the detectors with intrinsically poorer reso-
lution stand out (e.g., det. no. 4).
The SPI team pioneered the regular annealing operations for
maintaining high spectral resolution of a Ge detector in space
(see Lonjou et al. 2005; Fahmy et al. 2008, and references
therein). Annealing operations are initiated when degradation
is significant but still moderate, because the exercise relies on
thermal reversibility of the loss in charge collection. Figures 11
and 12 show how annealings succeeded in recovering the reso-
lution from its gradual degradations, over the 13.5 years of the
mission. The level of degradation should scale with the cumu-
lative cosmic-ray bombardment. In Fig. 11 we therefore show
the absolute increase in resolution (FWHM) of the 1107 keV
background line versus the cumulative count rate of the SPI an-
ticoincidence system, which measures the charged-particle flux
incident on SPI in orbit. A square-root increase of degradation
with charged-particle dose (dashed line) is evident, and would
be expected if ’exposure’ dominates the effect.
In Fig. 12 we compare resolution before and after the an-
nealing, for two representative detectors. In this graph, the size
of data points per annealing represents the duration of the an-
nealing; values were between 36 hours early in the mission and
200 and up to 225 hours for most of the later annealings. We
also show resolution improvements per annealing in a second
set of data points where we eliminated the apparent long-term
trend (see Fig. 9). For this we fitted as a
√
(x) relation through
resolutions as obtained after each annealing, and extract only
the steps in resolution between two successive annealings (open
symbols). We conclude that all anealings achieve a comparable
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Fig. 9. Time evolution of the spectral resolution. Shown are the line widths for several instrumental lines (see legend), with energies
between 198 and 1764 keV, as fitted per data from one orbit (’revolution’).
and satisfactory recovery of spectral resolution. Differences be-
tween detectors are larger than the effects of total degradation
suffered before the annealing was initiated. Also impacts of an-
nealing duration are rather insignificant; estimates prior to the
mission were that a duration of two days would already fully
recover a 20% loss of spectral resolution (Leleux et al. 2003).
5. Instrumental-background properties
The general long-term variation of instrumental-background in-
tensity is illustrated in Fig. 5 for detector count rates. Our de-
tailed spectral fits extract more-specific information about differ-
ent background components. We will now identify background
lines with common underlying physics. Such lines should share
properties such as intensity variations, and thus can broaden the
data base and help to overcome statistical limitations. We ex-
plore temporal variations of intensities and characteristic detec-
tor ratios, combining this with correlations among different lines
across the energy spectrum.
5.1. Background intensity variations
Fig. 13 shows the mission history for the intensity of the con-
tinuum under the instrumental lines in the energy band 780–
920 keV, and for two characteristic instrumental background
lines. The variations seen in detector count rates (Fig. 5) are
again evident, with a maximum of intensities in the vicinity
of revolutions 800–900, and a decline after that. In Fig. 13
we also overplot the sunspot number count history (from
http://sidc.be/silso/datafiles), which is a proxy for solar activ-
ity. The evident anti-correlation plausibly shows that cosmic ray
intensity is reduced as the more-active Sun extends the helio-
sphere and increases magnetic shielding in INTEGRAL’s orbit
(Potgieter 2013).
Gamma-ray lines have specific origins, while the continuum
includes a mix of different background physics. This explains
differences in detail in the variations of different background
components. In the examples shown in Fig. 13, the smooth con-
tinuum and background lines originating in Ge and Bi materials,
respectively, show different amplitude dynamics and detailed re-
actions to solar flares.
In Fig. 14, line intensities are scaled to the intensity of the
fitted continuum under the line itself (a band of 3 times the line
width σ, centred on the line energy), to extract the differences
between continuum and a specific line. Shown are the charac-
teristic cases of the 198 keV line measuring neutron irradiation,
the 511 keV line from local positron annihilation, the neutron
capture line at 2.2 MeV, the 1107 keV line from Ge activation,
the 1764 keV line from Bi in the veto system, and the 1332
keV line from build-up of 60Co. The time history of the sunspot
number count, shown also in these graphs, reflects solar activ-
ity. Apparently the correlation seen above largely disappears
through the normalisation with continuum intensity. Specific be-
haviour of individual lines becomes more apparent. The failures
of individual Ge detectors occurred at times marked by dotted
vertical lines, and coincide with step changes of different mag-
nitude. The 511 keV line shows strongest effects from detec-
tor failures: positron annihilation results in emission of two 511
keV photons in opposite directions; therefore, it is likely that
a positron annihilation event triggers two neighbouring detec-
9
Roland Diehl1 et al.: INTEGRAL/SPI γ-ray line spectroscopy
0 500 1000 1500 2000
1.5
2.0
2.5
3.0
3.5
 Line energy [keV]
F W
H
M
 [ k
e V
]
Fig. 10. Energy resolution versus energy. Shown are the line
widths (FWHM) for the strongest single/isolated background
lines. The energy resolution functions are shown as obtained
from pre-launch calibrations (Attie´ et al. 2003) (dashed line),
and from mission data (solid line). Results obtained for differ-
ent detectors are slightly offset in energy for better visibility, and
are centred around the laboratory energy of the respective back-
ground line. The 511 keV line clearly presents an anomaly, and
the 1107 keV line from 69Ge may also be blended with contribu-
tions from nearby lines (see text).
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Fig. 11. Degradation of spectral resolution versus integrated
charged-particle dose. The integrated veto detector system
counts between previous and current annealing cycle are used
as a measure of the charged-particle dose, as the veto detec-
tor system mainly counts charged-particle interactions, which
should scale with the incident cosmic-ray flux. Data points are
labelled with the sequential number of the annealing cycles. A
relationship y = (0.118 ± 0.002)√x fits degradation responding
to charged-particle bombardment (dashed line).
tors, which sorts the triggered events into the class of multiple
events (see Section 2.1 above). When a neighbouring detector
is eliminated, therefore, the rate of single events increases, as
shown here. The neutron activation background line at 198 keV
(top left), as well as the neutron capture line (bottom left), both
seem to show indications of a correlation with the solar activity
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Fig. 12. Recovery of spectral resolution for each annealing cy-
cle. The abscissa shows the level of degradation at the onset
of the annealing operation, the ordinate shows the resolution as
achieved immediately after the annealing, each for one of the
better and one of the poorer resolution detectors (0,4). Filled
symbols are data points using the FWHM of the 1107 keV line
before and after each annealing; open symbols are the same data,
corrected by eliminating a long-term trend. The size of symbols
represents the duration of anealings (see text).
cycle; as the continuum-intensity normalisation mainly charac-
terises charged-particle background, this indicates that charged-
particle and neutron background scale differently with solar ac-
tivity. For lines that result from charged-particle background,
the characteristic variation (see Fig. 13) disappears, when scaled
with underlying continuum. The same is true for the 511 keV
line from positron annihilation, which appears constant in time
when scaled with continuum intensity (middle graph in Fig. 13).
Build-up of radioactivity with mission time is clearly seen
for the 60Co line (bottom right); this isotope with a radioac-
tive lifetime of 7.61 years shows the characteristic long-term
increase. 60Co decay leads to simultaneous emission of lines
at 1173 and 1332 keV energy, in a cascade of de-excitation of
the daughter nucleus. A closer look at the temporal evolution of
these two lines is shown in Fig. 15 (upper panel): Indeed, both
lines show a parallel build-up of intensity as 60Co radioactivity is
created in spacecraft material. The lower panel of Fig. 15 shows
how an impulsive, short activation as it occurs when solar flare
protons hit the spacecraft, in addition to the long-term trend of
cosmic-ray irradiation discussed above. In such a particle flare
sweeping across the spacecraft, the radioactive 48V isotope is
produced in significant quantities. The decay follows the activa-
tion event of the bombardment with the characteristic radioactive
decay time of 16 days.
5.2. Background line categories
Background lines result from de-excitation of a specific isotopic
species, which are left behind in an excited state after interact-
ing with a cosmic ray. When the activated spacecraft materials
are sufficiently distant from the camera, irradiation of the indi-
vidual Ge detectors of the camera should be rather similar. But
upon closer inspection, there are deviations: some materials are
located in preferred directions relative to the Ge detectors, such
as Ge nuclei themselves (camera centre versus periphery), or Bi
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Fig. 13. Time evolution of background component intensities.
Top: The underlying smooth continuum (here in a band 780-
920 keV). Middle: 206Bi activation of anticoincidence material,
through the 1764 keV line. Bottom: 69Ge activation within the
detectors, through the 872 keV line.
from the BGO anticoincidence system (enclosing the Ge camera
in all directions). The exposure to local background sources will
therefore differ among detectors according to solid angle and
shielding effects. Also the individual detector responses and ef-
ficiencies are not all identical, leading to significant differences.
Therefore we use as a characteristic the relative intensities
among the 19 different detectors of the Ge camera of SPI. We
call this the detector ratio parameter, or detector pattern, defined
as
r j = Ndet
c jt−1j∑
n cnt−1n
(8)
Here, c j are the event counts recorded for detector j in an effec-
tive observing time interval t j, and the factor Ndet of the number
of detectors operating at the particular time normalises r j to 1.0
if all detectors record events at the same rate.
The equal-count ratio among detectors for isotropic detector
and camera exposure to background appears to be approximately
realised in continuum background. Its primary origin from cos-
mic ray activation translates here into processes distributed along
the trajectory of the cosmic ray particle across the spacecraft and
its environment. This is further smeared out by all secondary
particles which may cause the photon background themselves:
the electromagnetic cascade initiated by an incident cosmic-ray
particle is expected to irradiate larger volumes of spacecraft and
instrument, thus producing a diffuse particle and photon back-
ground originating from materials generally near the cosmic-ray
trajectory. Different cosmic-ray trajectories then lead to an aver-
age origin of such continuum from the general spacecraft and
instrument materials, which leads to an unspecific incidence
direction with respect to SPI Ge detectors. The cosmic γ-ray
continuum flux is orders of magnitude below such instrumental
background. Fig. 16 (upper graph) shows that indeed the detec-
tor ratio for continuum is ∼1.0, within a few percent deviations.
Differences in actual volume of Ge material between detectors
are even smaller and cannot account for these small differences.
Some anisotropy from cosmic ray irradiation and from shield-
ing effects, and the geometry of the spacecraft also contribute.
Nevertheless, the near-equality of detector counts among all Ge
detectors of the SPI camera for continuum also holds for differ-
ent subsets of the data, as shown in Fig. 16: The inset expands
the time axis for detector 13 to illustrate the variation over ∼90
orbits. The lower graph then shows the continuum background
detector ratio for all detectors summed for one orbit, with the in-
set again expanding on the time scale to reveal variations among
pointings, i.e. with ∼30 minutes resolution. These graphs illus-
trate that the detector ratio is rather well defined and constant
over all time scales studied. Statistical variations are well within
Poissonian expectations.
The lower part in Fig. 16 shows the same detector ratio il-
lustrations for one of the strongest lines attributed to Ge, at 1107
keV. The detector-ratio pattern is very different from the con-
tinuum case above. Nevertheless, again a stable pattern is found
over all time scales studied. The Ge detectors on the outer edges
of the Ge camera register significantly lower intensity (3 or 4
neighbouring detectors, respectively), while the inner camera
detectors, which are surrounded by Ge material (6 neighbour-
ing detectors), show this line at higher intensity. Also the 69Ge
background line at 872 keV (Fig. 17) illustrates this same detec-
tor pattern, with differences of ±30% between detectors, all in-
ner detectors having high intensities, while outer detectors show
the lower background rates. We see this pattern in all Ge related
lines in a similar form, and also in lines from Zn, Ga, As, and
Se, the secondaries from nuclear interactions with Ge, although
differences in detail point to energy-dependent effects.
In contrast, for Bi-isotope lines originating from the large
BGO scintillator blocks that make up SPI’s massive anticoinci-
dence detector system, the inner detectors register a lower in-
tensity: they are partially shielded by the neighbouring detectors
from the source in the anticoincidence detector system, in par-
ticular within the camera plane where those are closest (1764
11
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Fig. 14. Temporal evolution of the intensities for different background lines. Left column, from top to bottom: The evolution of
the 198 keV line measuring neutron irradiation, the 511 keV line from local positron annihilation, and the neutron capture line at
2.2 MeV. Right column, from top to bottom: The 1107 keV line from 69Ge activation, the 1764 keV line from 214Bi in the veto
system, and the 1332 keV line from 60Co radioactivity as it builds up. Intensities are scaled to underlying continuum intensity. For
comparison, the time history of the sunspot number count is shown. Failures of individual Ge detectors occurred at times marked
by dotted vertical lines, and show the most-significant impact for the case of the 511 keV line (see text).
keV line from 205Bi in Fig. 17). Again, intensities vary ±30%
between detectors.
Another prominent characteristic pattern is found for the
511 keV line from positron annihilations. By nature, it receives
contributions from a great variety of primary positron creation
events, such as β+ radioactivity and pair creation. Since the cos-
mic ray spectrum and intensity vary, different materials located
at different distances to Ge detectors may contribute at differ-
ent times. So similarly to the continuum, this also characterises
a single narrow background line. Therefore this line may be
expected to show more and different variability than any other
background line. Indeed its detector pattern resembles more the
one of continuum (Fig. 17, bottom), but with a major change
when detectors fail. When detector no. 2 had failed (’epoch 2’
in Fig. 17), multiple-detector hits involving the failed detector
are falsely recorded as single-detector events and so add to these
genuine single-detector events. Therefore the relative intensity
increases in detectors 0-1-3-9-10-11 which are located next to
the failed one (see Fig. 3).
These examples illustrate that the detector-ratio pattern is
helpful for a classification of background lines, as it encodes
physical origin. We analysed all background lines fitted through-
out the mission for such characteristic detector-ratio patterns
(see also earlier work by Augenstein 2015). A cluster analysis of
12
Roland Diehl1 et al.: INTEGRAL/SPI γ-ray line spectroscopy
0 500 1000 1500
0.000
0.001
0.002
0.003
0.004
0.005
Revolution
C o
u n
t  r
a t
e  
p e
r  d
e t
e c
t o
r  [ p
h  s
−
1 ]
60Co(β−)60Ni (1173.23 keV)   
60Co(β−)60Ni (1332.49 keV)   
2004 2006 2008 2010 2012 2014 2016
Year
0 500 1000 1500
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
Revolution
C o
u n
t  r
a t
e  
p e
r  d
e t
e c
t o
r  [ p
h  s
−
1 ]
48V(EC)48Ti
(1312.10 keV)
Sunspot
number
Fitted half life time:
16.03 ± 0.28 days
Literature value:
15.97 days
120 140 160 180
Rev.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
R
a t
e  
[ 1 0
−
2  
p h
 s
−
1 ]
C o
u n
t  r
a t
e  
p e
r  d
e t
e c
t o
r  [ p
h  s
−
1 ]
2004 2006 2008 2010 2012 2014 2016
Year
0
100
200
300
400
500
600
T h
r e
e −
m
o n
t h
l y  
s u
n s
p o
t  n
u m
b e
r
Fig. 15. Time evolution of background rates for lines from ra-
dioactive species. Top: 60Co activation, leading to gradual build-
up due to the radioactive lifetime of 7.6 years. Bottom: 48V acti-
vation, with a decay time of 16 days. Exponential decay can be
seen after an activation event (insert) such as a particle storm
following deformations of the Earth’s magnetosphere from so-
lar activity; but the shorter decay time avoids longterm build-up
such as seen in 60Co.
detector-ratio patterns was performed (see Appendix), and sug-
gested the existence of several useful categories:
(1) Lines with a rather flat pattern of detector ratios, similar to
continuum. This includes internal transitions (IT), conver-
sion X-ray photons (+L, +K), neutron- and proton-capture
events, and also some light-element lines.
(2) Ge-related lines. These show systematically-higher relative
count rates in inner Ge detectors of the camera. Lines most
directly connected to Ge-detector events are prominent in
that central detectors dominate strongly in the detector ra-
tios. Three possible reactions are: electron captures on 69Ge,
68Ga, and 67Ga. They also include events, processes, and iso-
topes, related to Ge, Ga, As, Zn, Se, Mg, Al, and also some
positron annihilation (when central detectors are somewhat
enhanced).
(3) Lines with a detector ratio pattern where outside detectors
dominate. They may have origins in materials of the veto-
shield and related isotopes, such as Bi, Pb, Ra, Rn, Tl, and
Hg. Outer-detector dominance may be stronger or weaker.
This includes also lines from natural radioactivities from the
actinide alpha-decay-chains, i.e., Th, Fr, Ac, U. Processes
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Fig. 16. Time variability of detector patterns. The detector pat-
tern of the continuum (110-225 keV; above, and a strong back-
ground line (1107 keV line; below), illustrating variations on
three characteristic time scales (epoch; (main graph; red bars
in top panels), 3-day orbits (upper insert), and for one orbit no.
97 (red bars in lower graph) and pointings (lower inset).
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Figure 3.20: Background detector patterns as a function of time for different characteristic background features. The
red bars represent the average normalised detector intensity relative to the others for the time scale of
the first epoch, i.e. integral revolutions #43 to #140 (≈ 290 days) until the first detector (D02) failed.
It also serves as a secondary time axis for the detectors as each set of black data points around the
bar ranges from revolution #43 to #140. For each feature, it is evident that the detector patterns stay
constant as expected from the spatial constancy of the background sources in the satellite. Note that
all Ge-like instrumental background lines show similar patterns like in (a), and all Bi-like lines similar
to (b). The continuum, (c), is rather flat, not showing variation from detector to detector, meaning
that the background sources are almost isotropically distributed. For the 511 keV background line,
(d), also the second epoch with only 18 working detectors is shown for comparison as the line is very
sensitive to detector failures. See text for details.
the outer ones. This is true for lines originating in the SPI ACS, made of BGO; all
lines from Bi and "neighbouring" elements4, like Pb or Ra, lead to a detector pat-
tern like shown in Fig. 3.20b. Another family of background lines come from Ge and
associated elements like Ga or Zn. Here, the background source is the Ge detectors
themselves, so that the more neighbouring detectors one particular detector has, the
more Ge line intensity it will measure. Thus, the inner detectors (00-06), with six
neighbours each, have a larger background intensity relative to the detectors, with
only four (07,09,11,13,15,17) or three (08,10,12,14,16,18) neighbours. This is shown
in Fig. 3.20a for the Ge line at 872 keV. When a detector fails, the neighbouring
detectors will receive more counts, because the photons which are actually meas-
ured as triggering two detectors (double events) will be converted to single events
in these neighbours, as the dead detector does not recognise the second trigger any
more. This also reflects in the relative detector patterns, boosting the neighbours'
intensities of a dead detector. For example, when detector 02 fails, detectors 00, 01,
03, 09, 10, and 11 show an increased flux like is shown in the extreme case of the
instrumental 511 keV line, Fig. 3.20c. This effect occurs for all energies, no matter
if in a line or continuum. However, since the continuum is dominating the measured
4Neighbouring elements are defined as isotopes connected by electron capture, p, n, or α reactions in the table of
isotopes.
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Figure 3.20: Background detector patterns as a function of time for different characteristic background features. The
red bars represent the average nor alised detector intensity relative to the others for the time scale of
the first epoch, i.e. integral revolutions #43 to #140 (≈ 290 days) until the first detector (D02) failed.
It also serves as a secondary time axis for the detectors as each set of black data points around the
bar ranges from revolution #43 to #140. For each feature, it is evident that the detector patterns stay
constant as expected from the spatial constancy of the background sources in the satellite. Note that
all Ge-like instrumental background lines show similar patterns like in (a), and all Bi-like lines similar
to (b). The continuum, (c), is rather flat, not showing variation from detector to detector, meaning
that the background sources are almost isotropically distributed. For the 511 keV background line,
(d), also the second epoch with only 18 worki g detectors is shown for comparison as the line is very
sensitive to detector failures. See text for details.
the outer ones. This is true for lines originating in the SPI ACS, made of BGO; all
lines from Bi and "neighbouring" elements4, like Pb or Ra, lead to a detector pat-
tern like shown in Fig. 3.20b. Another family of background lines come from Ge and
associat d elements like Ga or Zn. Here, the background source is the Ge detectors
themselves, s that the more neighbouring detectors one particular detector has, the
more G line intensity it will measure. Thus, the inner detectors (00-06), with six
neighb urs each, have a larger backgro nd intensity relative to the detectors, with
only four (07,09,11,13,15,17) or three (08,10,12,14,16,18) neighbours. This is shown
in Fig. 3.20a for the Ge line at 872 keV. When a detector fails, the neighbouring
detectors will receive more counts, because the photons which are actually meas-
ured as triggering two detectors (double events) will be converted to single events
in these neighbours, as the dead detector does not recognise the second trigger any
more. This also reflects in the relative detector patterns, boosting the neighbours'
intensities of a dead detector. For example, when detector 02 fails, detectors 00, 01,
03, 09, 10, and 11 show an increased flux like is shown in the extreme case of the
instrumental 511 keV line, Fig. 3.20c. This effect occurs for all energies, no matter
if in a line or continuum. However, since the continuum is dominating the measured
4Neighbouring elements are defined as isotopes connected by electron capture, p, n, or α reactions in the table of
isotopes.
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the outer ones. This is true for lines originating in the SPI ACS, made of BGO; all
lines from Bi and "neighbouring" elements4, like Pb or Ra, lead to a detector pat-
tern lik shown in Fig. 3.20b. Another family of background lines come fr m e and
associated elements like Ga or Zn. Here, he background source is the G detectors
themselves, so that the more neighbouring detectors one particular det ct r has, the
more Ge line intensity it will measur . Thus, the inner detectors (00-06), wi h six
neighbours each, have a la ger backgr und intensity relative to the detectors, wi
only four (07,09,11,13,15,17) or three (08,10,12,14,16,18) n ighbours. This is shown
in Fig. 3.20a for the Ge line at 872 keV. When a det ctor fails, the neighbouring
detectors will receive more c unts, because the photons which are actually meas-
ured as triggering two detectors (double events) will b c nverted to single events
in these neighbours, as the dead detector does not rec gnise the second trigger any
more. This also reflects in the relative detector patterns, boosting the neighbours'
i tensities of a dead detector. For example, whe detector 02 fails, detectors 00, 01,
03, 09, 10, and 11 show an increased flux like is shown in the extreme case of the
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Fig. 17. Detector patterns for different types of background
lines. The average of the first part of the mission with all 19
detectors working (’epoch 1’) is plotted as horizontal red lines,
and for each orbit within this epoch values per orbit are plot-
ted around this epoch-average value, using this as a time axis
within the epoch. Above: Line at 1764 keV from 205Bi. Middle:
Line at 872 keV from 69Ge. Bottom: Positron annihila i n line at
511 keV, of mixed origins. For this, also shown is the situation
where detector no. 2 had failed (’epoch 2’; blue horizontal lines
for epoch-averag value, val es per orbit superimpos d onto
this and in grey).
involving materials of mountings and wirings, such as Co,
Mn, Fe, Cu, Cr, V, and Ti fall into this category as well.
The strong asymmetric detector ratio patterns, resulting, e.g.,
from IBIS instrument materials, such as Cd, Te, Cs, I, a d
neighbouring isotopes such as Xe or Ba are included also in
this category. Some cases appear related to natural radioac-
tiv ty of 40K.
(4) Lines with a weakly-pronounced, non-constant, but erratic
detector-ratio pattern. These are often from Co or Cu, also
neutron- and proton-capture reactions, and could be related
to background events from the mask materials, such as W,
Re, and Os. They may be also satellite lines or Compton
edges of other lines. Lines with a strong erratic pattern
could be unphysical as well, such as when used to represent
broader spectral features.
We use the results of the cluster analysis to further sub-divide
the above four categories where appropriate, and define seven
categories of detector-ratio patterns (see Appendix, Table B.1
column 5).
From their temporal intensity behaviour, we also can group
the observed behaviour, and identify three categories:
(1) Lines clearly anti-correlated with the solar activity cycle.
These follow in intensity the general continuum background.
(2) Lines with weak, if any, anti-correlation with the solar activ-
ity cycle.
(3) Lines where any anti-correlation with the solar activity cy-
cle appears excluded, and sometimes may rather turn into a
positive correlation with solar activity.
Table B.1 in Appendix 1 includes this categorisation in two of its
columns 5,6. More details are given there, both for the category
definitions as well as for the individual lines.
6. Modelling background
The behaviour of instrumental background as a function of
pointing, detector, and energy bin can be modelled from the de-
tails extracted in our spectral fits (see Equ. 1). But since these fits
and the accumulated instrumental response data base were de-
rived under the assumption of background dominating all data,
the background model that will be derived in this way needs to
allow for scaling of total intensity, to allow for the (small) celes-
tial contribution to data.
Separation of components of the background has been
achieved in our spectral fits. Continuum, and a large number
of lines, are each separated and tracked. Within the instrument,
we thus expect that, while intensiti s may vary on various time
scales, some general prop rties of the background components
remain unchanged, or can be predicted. The spacecraft orienta-
tion with respect to the background source, which is the space-
craft itself, is constant in time. In Figures. 17 and 16, the con-
stancy of detector ratios for different processes in the satellite is
confirmed on all time scales. Therefore, statistical limitations in
predicting background counts (see Fig. 2), can be reduced by de-
terminations of the detector ratios from longer integration time
scales. Detector patterns change slightly from energy bin to en-
ergy bin, as the degradation of the detectors distorts the spec-
trum in each detector somewhat differently. Our d tailed spec-
tral fits using Equ. 6 allow to determine these patterns, even in
sub-resolut on e ergy bins (here 0.5 keV) with gr t accuracy,
as spectral response of each detector has been separated in these
fits. The detector ratios in each energy bin, as constructed from
the data base of spectral fit parameters, build the background
model components B jk in Equ. 1, separately for lines and con-
tinua in different energy bins k. As the relative contributions
from lines and continuum changes with time (Fig. 14), an indi-
vidual treatment, i.e. two distinct background detector patterns,
is required.
The final step of the procedure th n determins the intensi-
ties of different background components with their detector-ratio
patterns, θ j in Equ. 1. This is done in a maximum likelihood
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fit, using Poissonian statistics. In particular, the log-likelihood
of the Poisson statistics (Cash statistics, Cash 1979) is used.
Sequential application of this procedure for the energy bins to
be analysed will build the desired celestial spectrum, as well as
the background spectrum, and their uncertainties.
Background modelling requires specific adjustments for the
physics within a spectral range of interest, such as the astro-
physical 26Al, 511 keV, or 56Ni decay lines. A full and spe-
cific description of background modelling for such astrophysical
cases is beyond the scope of this paper, and provided elsewhere
(Siegert et al. 2015; Diehl et al. 2015; Siegert 2017; Siegert et al.
2016, and Siegert et al., in preparation).
7. Summary and Conclusions
The INTEGRAL γ-ray spectrometer SPI (Vedrenne et al. 2003)
has been in space since 2002, performing legacy science mea-
surements while at the same time collecting a large dataset for
characterising the instrument properties themselves in its space
environment. In particular, a large set of instrumental back-
ground lines are continuously measured, and allow a calibration
of the in-orbit spectral response, as well as a characterisation
of the large background in this space environment which chal-
lenges and limits the sensitivity for measuring celestial sources.
We analyse 13.5 years of data, to determine detailed spectral-
response and background characteristics as they evolve over this
time. This complements the characterisations obtained before
launch (Attie´ et al. 2003) and early in the mission (Roques et al.
2003; Weidenspointner et al. 2003).
We have developed a detailed parametrisation of SPI spec-
tra in terms of a smooth underlying continuum and superim-
posed lines. We include in our description of instrumental lines
an asymmetry term, which caters for the degrading spectral res-
olution in the harsh space environment with its intense bombard-
ment by cosmic rays. Through regular annealing cycles, the SPI
team achieves a recovery of spectral degradation roughly every
six months. We separately fit spectra for each detector over the
orbits of the mission, and thus determine parameters for each
detector’s spectral resolution, as well as for the variety of back-
ground components.
We find that the spectral resolution of our Ge detectors is
between 2 and 3 keV at energies 300–2000 keV, and varies in
a systematic saw-tooth pattern on a time scale of ∼6 months,
with nearly linear degradation with time, and step restorations
with the annealings. The annealings all were performed within
the recoverable range of degradation. There is a small long-term
trend of spectral resolution degradation of 0.3% per year, in ad-
dition. The spectral resolution versus energy can be described
by a square-root dependence, which is close to the pre-launch
behaviour.
The energy calibration approach as adopted in the pre-
processing step uses a set of six strong instrumental lines, read-
justing their Gaussian peak values per each orbit. This incurs
some variation of the absolute energy deposit precision, be-
cause the line shapes deviate from Gaussians due to the response
degradations. Our spectral fits determine the absolute energies
for all stronger lines to ∼0.03 keV, and they remain close to the
pre-processing energy calibration, within a few tenths of a keV.
Several strong components of background clearly anti-
correlate with solar activity. This dominates the intensity
changes in background. But in detail, the dynamic ranges and
the reactions to particle irradiation events differs significantly be-
tween the general continuum and the various background lines.
Lines can be grouped by physical-process similarities, and the
relative intensity of identical background lines in different Ge
detectors of the camera provides an excellent classification crite-
rion towards this. Using in addition the frequently characteristic
temporal variations of intensities, we can trace the physical ori-
gins of most instrumental lines, and provide classification of the
lines into a set of categories distinguished by physical processes.
We provide the data and software tools for incorporation of
such spectral-response and background knowledge into the sci-
entific analysis (see Appendix).
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Appendix A: The Spectral response and
background data base - specification and
access tools
We provide the full data base of spectral parameters for all single
detectors (00-18) and all INTEGRAL revolutions between orbit
numbers 43 and 1730 (with gaps due to annealing phases where
no SPI data are taken) for energies between 20 and 2000 keV.
This includes Ner = 39 individual energy regions with interval
sizes ∆E between 16 and 140 keV. From 20 to 1392 keV, and
from 1745 to 2000 keV, single event data (SE) without pulse-
shape identifiers are used (33 bands), whereas between 1392 and
1745 keV, pulse-shape-discriminated event data (PE) was used
to suppress features in electronically affected spectral regions (6
bands11).
The spectrum in each energy band i is characterised by a
parametrised function, consisting of a continuum (Ci(E), 2 pa-
rameters), and a set of distorted Gaussian lines (Lli(E), 4 parame-
ters each). The entire continuum is thus described as a multiple-
broken power-law, each normalised to the centre of each indi-
vidual energy band (x(c, i)), see Equ. 6:
Ci(E) = C0,i
(
E
Em,i
)αi
. (A.1)
For lower energies, high count statistics allow us to deter-
mine each of the four line-shape parameters individually for each
line, whereas at higher energies (& 1.7 MeV), lines in a common
energy band share the same degradation, in order to avoid over-
parametrisation. For each line l, the line-shape is a convolution
of a symmetric Gaussian Gli(E), with an exponential tail function
T li (E), accounting for the gradual degradation of the Ge detec-
tors, see Equ. 5 and 3, 4.
Each of these parameter sets, (C0, α, Al0, E
l
0, σ
l, τl)i, in an en-
ergy band i, containing a number of lines l, is determined for
each detector j, and each orbit o. For each detector, this amounts
to Ner × 2 = 78 fitted continuum parameters. The different en-
ergy regions contain different numbers of lines, depending on the
suitability of the spectral region and the fit quality, ranging from
Nl =2 to 27. In total, there are N totl = 383 identified lines, either
as part of a complex line blend, or isolated, strong and narrow.
This amounts to N totl × 4 = 1532 line-shape parameters per or-
bit and (working) detector, i.e. in total, N specpar = 1610 spectral fit
parameters, among which Namp = 422 are amplitudes, are deter-
mined for the 3960 spectral energy bins. Over the 13.5 year mis-
sion history, Norb = 1556 orbits were included in our data base,
so that for a working detector, N specpar × Norb = 2, 505, 160 raw fit
parameters have been determined. The total number of non-zero
data base entries, i.e. excluding the failed detectors times, is then
40, 412, 610.
The four line-shape parameters by themselves could provide
specific information about the detector degradation and their in-
trinsic resolution, as they evolve with time. However, all parame-
ters of a specific line are often degenerate, so that only combina-
tions of parameters yield a physically meaningful measurement.
The line width (FWHM) can be determined from a function of
shape parameters σ and τ,
ΓL = Γ
[
a0 +
√
(1 − a0)2 + ((a1τ)/Γ)2
]
, (A.2)
11 We also provide spectral fit results for the pulse-shape-
discriminated event type in the entire range between 490 and 2000 keV,
in addition to the single event type.
where Γ = 2
√
2 ln(2)σ is the FWHM width of the symmet-
ric Gaussian G(E), and a0 = 0.913735, and a1 = 0.710648
(Kretschmer 2011) are numerical constants of this hyperbolic
approximation. This Equ. A.2 was used to evaluate the data base
towards the spectral response as shown in Figures 9 to 12.
The peak position of the convolved line shape L(E) is not
simply given by parameter E0, but rather has to be determined
formally by
∂L(E)
∂E
∣∣∣∣∣
E=Epeak
!
= 0. (A.3)
This reduces to Epeak ' E0 − τ for small values of τ.
The count rate I of a line, in units of ph s−1, is given as the
integral over the energy of the full line, divided by the measure-
ment time Tobs,
I =
1
Tobs
∫ +∞
−∞
L(E)dE =
1
Tobs
∫ +∞
−∞
(G ⊗ T )(E)dE =
=
1
Tobs
∫ +∞
−∞
G(E)dE =
√
2pi
Tobs
A0σ. (A.4)
Note that the convolution preserves the area under the curve,
so that the infinite integral of the convolved line shape is iden-
tical to the infinite integral of the symmetric Gaussian. Figures
involving count rates, i.e. Figures. 13, 14, 17, and 16, have been
evaluated using this Equ. A.4.
The data base of spectral response and back-
ground parameters is provided at http://www2011.mpe-
garching.mpg.de/gamma/instruments/integral/spi/www/in FITS
file format. The files include the individual energy bands as
separate extensions, and auxiliary information on how the fits
were performed, e.g. which fitting functions were used, what
parameter constraints have been set, or how many lines are
included. In each FITS extension, the number of rows equals the
number of INTEGRAL orbits included in the data base times the
number of detectors, i.e. for the 13.5 years 1556 × 19 = 29564.
There are 13 columns each, containing the revolution (1 col-
umn), the detector number (1) and the respective live-time (1),
and the full list of fit parameters as itemised into continuum
parameters (1) and line amplitudes (1), energies (1), widths (1),
and degradations (1), as well as the respective uncertainties (5).
On the web page we also provide a detailed description on
how the FITS files are structured, as well as tools, written in
IDL, to calculate the physical parameters from the raw data base.
These include the count rates for continua and lines, FWHM of
the convolved line shapes and their peaks, and also the explicit
form of the fitting function. In addition, the user may use a tool
to query dates, detectors, and/or energies to obtain information
about the SPI in-flight resolution, degradation or count rates, ei-
ther for specific processes or entire energy intervals.
Appendix B: Background lines and their
classifications
Line features can be identified in detector spectra down to low
intensity levels if accumulation times are long enough (¿ days,
ideally full mission). The lines identified in this way are listed
in Table B.1. Herein we include all lines which may relate to
a specific energy deposit in the detectors, i.e., all lines which
are roughly consistent in width with instrumental resolution. We
also included Gaussian lines in our spectral modelling which
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Fig. A.1. Cluster analysis for the detector-ratio patterns. The dendrogram of the clusters identified are shown in the main graph. The
vertical axis reflects the differences between patterns, i.e., differences in the χ2 values. On the periphery, the detector-ratio graphs
of the seven resulting pattern categories are illustrated.
were used to model broader spectral features, for the sake of
obtaining a satisfactory spectral model; these Gaussians are not
included in this list, as physical origins are not sufficiently well
related to a specific energy. In Table B.1, we provide additional
information to each line entry, including classifications based on
relative detector intensity ratio and intensity variation in time.
We performed a similarity analysis for the patterns in time
and with detectors, as they are discussed in Section 5 above.
The result for the detector patterns is shown in Fig. A.1. Here,
we use the differences between different patterns in their val-
ues of sqrt(χ2) as a measure of similarity. Small differences
within crowded areas define a cluster, and dissimilarity (large
chi2 steps between isolated regions) defining the different clus-
ters. The seven clearly identified clusters are marked in Fig. A.1
by coloured boxes, their detector pattern is shown in the plots at
the circumference.
B.1. Further annotations to Table B.1 :
Specifics to column 4: ’?’ indicates an unknown process, ’*’ a
significant change with respect to Weidenspointner et al. (2003),
either due to change in process and/or energy, due to additional
information, ’CE xxx?’ indicates possibility of the line being the
Compton edge from the line at xxx keV, ’**’ indicates ”satellite”
or unphysical lines which are only used to fit the spectrum prop-
erly, and ’***’ marks lines which required multiple components
to be fitted adequately, e.g. strong blends, the true line shape
might be a composite of neighbouring lines.
Specifics to column 5: We identify 7 categories: (1) lines being
related to Ge-detector events, processes, and isotopes, such as
Ge, Ga, As, Zn, Se, Mg, Al, and also positron annihilation (cen-
tral detectors dominate weakly); (2) lines showing a ”strong flat”
pattern - this includes internal transitions (IT), conversion X-ray
photons (+L, +K), neutron- and proton-capture events, and also
some light elements; (3) lines with a weak erratic pattern, often
from Co or Cu, also neutron- and proton-capture reactions, could
be related to background events from the mask materials, such as
W, Re, and Os; may be also satellite lines or Compton edges; (4)
lines related to processes involving materials of mountings and
wirings, such as Co, Mn, Fe, Cu, Cr, V, and Ti (outside detectors
dominate weakly) - also includes strong asymmetric patterns,
e.g. from IBIS materials, such as Cd, Te, Cs, I, and neighbour-
ing isotopes such as Xe or Ba; related sometimes to veto-shield
materials (see category 7), and natural radioactivity 40K; (5) lines
most directly connected to Ge-detector events (central detectors
17
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dominate strongly): only three possible reactions, i.e. electron
captures on 69Ge, 68Ga, and 67Ga; (6) lines with a strong erratic
pattern, probably unphysical in many cases, could also relate to
neutron- and proton-capture events; (7) lines with origins in ma-
terials of the veto-shield and related isotopes, such as Bi, Pb,
Ra, Rn, Tl, and Hg, includes also natural radioactivities from
the actinide alpha-decay-chains, Th, Fr, Ac, U, . . . . The strong
and narrow lines that are used to calibrate the spectral response
(FWHM) are identified by their energy in boldface print. Lines
used by ISDC to calibrate the energy are marked in italics.
Specifics to column (6): Correlations with the solar cycle, with
(1) being strongly anti-correlated ( correlation coefficient ρ <
−0.6), (2) being weakly anti-correlated (−0.6 < ρ < −0.2), and
(3) being not correlated (ρ > −0.2) (with a tendency to even
positive correlations ); (7) a comment column which identifies
special behaviours such as (1) broad lines, (2) detector pattern
strongly affected by detector failures, (3) rate strongly influences
by solar flares, and (4) isotopes with a half-life time greater than
the duration of one orbit (e.g. radio-active build-ups, or rates
which lag behind the solar cycle).
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Table B.1. Instrumental lines identified in SPI in-orbit background. Column contents are: (1) Index of line in data base; (2) line peak
energy in keV; (3) line intensity averaged over 13.5 years and per detector in counts s−1; the number in brackets denotes the standard
deviation of the respective line intensity across the mission time scale; (4) plausible parent process and respective laboratory energy;
(5) line category (detector pattern) ; (6) line category (timing) ; (7) additional comments. For more detailed explanations see text.
(1) (2) (3) (4) (5) (6)
Idx Energy [keV] Rate [ph/s] Parentprocess
Pattern
category
Temporal
category Comments
1 23.70(6) 0.28(6) 71mGe(IT)71Ge (23.438(15)) (2) (2) (,,,)
2 25.10(3) 0.13(1) 58mCo(IT)58Ge (24.889(21)) (4) (2) (,2,,)
3 25.99(7) 0.029(6) 56Cr(β−)56Mn (26.6042(14)) (6) (1) (1,,,)
4 30.6(4) 0.03(3) 28Mg(β−)28Al (30.6382(7)) (1) (3) (1,,3,)
5 35.8(3) 0.00(1) ? ∗ ∗ (1) (3) (1,,3,)
6 42.7(4) 0.01(1) 62Zn(EC)62Cu? (40.84(3)) (4) (3) (,,3,)
7 44.88(6) 0.003(3) ? ∗ ∗ (4) (2) (,,,)
8 46.88(5) 0.016(7) 72Zn(β−)72Ga? ∗ (46.8(2)) (2) (2) (,,,)
9 49.88(6) 0.03(2) ? (4) (1) (,,3,)
10 51.43(3) 0.015(4) ? ∗ ∗ (3) (1) (,,,)
11 53.75(1) 0.9(1) 73mGe(IT)73Ge (53.440(9)) (2) (1) (,2,,)
12 55.55(5) 0.23(3) 73Ga(β−)73Ge? (55.42(10)) (4) (1) (,,,)
13 56.71(2) 0.07(2) 74mGa(IT)74Ga (56.559(10)) (2) (1) (,2,,)
14 57.87(3) 0.20(3) 74mGa(IT)74Ga + L? (57.75) (2) (1) (,,,)
15 59.61(2) 0.32(4) 74mGa(IT)74Ga (59.7) (2) (1) (,,,)
16 61.72(2) 0.30(4) 75mGe(IT)75Ge (62.0(2)) (2) (1) (,,,)
17 63.61(3) 0.38(4) 73mGe(IT)73Ge + K? (63.33) (2) (1) (,,,)
18 65.82(5) 0.86(1) ? (2) (1) (,,,)
19 66.89(2) 0.04(4) ∗∗ (2) (3) (1,,,)
20 66.65(7) 0.63(1) 75mCu(IT)75Cu? (66.2(4)) (2) (1) (,,,)
21 67.64(4) 0.19(4) 44mSc(IT)44Sc (67.8679(14)) (2) (1) (,,3,)
22 68.68(6) 0.10(2) 73mGe(IT)73Ge? (68.752(7)) (6) (1) (1,,3,)
23 71.82(6) 0.029(7) 58Cr(β−)58Mn (71.78(5)) (4) (2) (,,3,)
24 74.96(4) 0.03(2) Bi Kα2 X-ray (74.8157(9))Pb Kα1 X-ray (74.9700(9))
(4) (3) (,,3,)
25 77.37(3) 0.02(2) Bi Kα1 X-ray (77.109(1)) (7) (3) (,,3,)
26 84.52(5) 0.006(1)
26Ne(β−)26Na? (84(3))
68mCu(IT)68Cu? (84.12(6)) (4) (1) (,,,)
27 87.46(4) 0.018(7) BiKβ1X − ray? (87.35) (4) (2) (,,,)
28 90.83(5) 0.028(7) 49Cr(β+)49V (90.639(2)) (4) (1) (,,,)
29 92.28(6) 0.16(3) 58Co(IT)58Co? ∗ (91.63(3)) (2) (2) (,,,)
30 92.89(1) 0.38(5) 58Co(IT)58Co + L? ∗ (92.41) (2) (1) (,,,)
31 94.27(5) 0.09(1)
67mZn(IT)67Zn? (93.311(5))
67mZn(IT)67Zn + L? (94.4)
50V(p, p′)50V? (93.9(3))
(4) (1) (,,3,)
32 96.20(6) 0.09(1) 66Ge(EC)66Ga? (96.34(2)) (2) (1) (1,,,)
33 99.19(5) 0.059(9) 58Co(IT)58Co + K? (98.5) (2) (1) (,,,)
34 101.02(4) 0.046(7) 67mZn(IT)67Zn + K? (100.93) (2) (1) (,,,)
35 102.62(3) 0.075(1)
74mGa(IT)74Ga? (102.25(3))
60mMn(IT)60Mn? (102.5(1)) (2) (1) (,,,)
36 104.62(6) 0.005(2) ? (6) (2) (1,,,)
37 108.79(6) 0.0018(6)
60mMn(IT)60Mn + K? ∗ (108.4)
19F∗ (109.894(4)) (4) (2) (,,,)
38 119.74(1) 0.019(3)
74Zn(β−)74Ga? ∗ (119.149(2))
74Zn(β−)74Ga + L? ∗ (120.25) (2) (1) (,,,)
39 122.24(1) 0.012(3)
57Co(β−)57Fe (122.0614(4))
57Co(β−)57Fe + L? ∗ (122.77) (4) (2) (,,,)
40 125.05(2) 0.016(4)
52Ti(β−)52V? ∗ (125.082(3))
58Cr(β−)58Mn? ∗ (125.5(2))
65Ga(EC)65Zn + K? (124.76)
(4) (2) (1,2,3,)
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41 131.30(2) 0.032(9)
?
57Co(β−)57Fe + K? ∗ (128.46) (3) (1) (1,,,)
42 137.00(2) 0.08(2)
57Co(β−)57Fe (136.4743(5))
57Co(β−)57Fe + L ∗ (137.18) (3) (1) (1,,,)
43 139.94(1) 1.0(1) 75mGe(IT)75Ge (139.68(3)) (2) (1) (,,,)
44 143.66(4) 0.16(3) 125mTe(IT)125Te (144.780(25)) (4) (2) (,,,)
45 143.55(1) 0.10(2) ∗∗ (6) (1) (1,,,)
46 151.39(2) 0.020(5) 43Ti(EC)43Sc (151.65(17)) (4) (2) (1,2,,)
47 159.74(2) 0.032(5)
47Sc(β−)47Ti (159.373(12))
47V(β+)47Ti (159.373(12)) (4) (1) (,,3,)
48 162.27(1) 0.012(3) 214At(α)210Bi? (162.19(5)) (4) (2) (1,2,3,)
49 168.70(1) 0.035(9) 52Fe(EC)52Mn (168.688(2)) (4) (2) (1,2,3,)
50 175.09(3) 0.09(3)
70Ge(n, γ)71Ge (174.956(9))
71mGe(IT)71Ge (174.956(9))
71As(EC)71Ge (174.956(9))
(1) (3) (,2,,)
51 178.17(3) 0.044(9)
∗∗
123Xe(EC)123I? (178.1(2)) (4) (1) (1,,,)
52 185.75(3) 0.12(2)
67Ga(EC)67Zn (184.577(10))
67Ga(EC)67Zn + L (185.58)
67Cu(β−)67Zn (184.577(10))
67Cu(β−)67Zn + L (185.58)
(1) (1) (,,,)
53 190.14(2) 0.05(1)
∗∗
66Ge(EC)66Ga? (190.21(2)) (3) (1) (1,,,)
54 194.35(2) 0.14(2)
67Ga(EC)67Zn + K (193.22)
67Cu(EC)β
−
Zn + K (193.22)
77Ge(β−)77As (194.74(10))
(3) (1) (,,,)
55 198.37(1) 1.6(2)
71mGe(IT)71Ge cascade
(23.438(15) + 174.956(9) = 198.394(17)) (2) (1) (,,,)
56 198.39(5) 0.29(7) ∗∗ (6) (1) (1,,,)
57 210.33(1) 0.0033(9)
183Ta(β−)183W? (209.879(12))
183Re(EC)183W? (209.879(12)) (4) (2) (,2,3,)
58 215.69(5) 0.0016(5) 131Ba(EC)131Cs? (216.078(8)) (1) (3) (,,,)
59 218.56(5) 0.0012(4) ? (4) (2) (,,,)
60 221.81(5) 0.0006(2)
32Mg(β−)32Al? (221.9(3))
117Cs(β+)117Xe? (221.6(1)) (4) (3) (,,,)
61 226.83(5) 0.0004(2) 205Pb(IT)205Pb? (226.9(2)) (2) (3) (,,3,)
62 229.55(5) 0.0006(3) 68As(EC)68Ge? (230.0(1)) (1) (3) (,,,)
63 235.93(5) 0.0018(4) 227Th(α)223Ra? (235.96(2)) (4) (3) (1,,,)
64 238.70(2) 0.0116(8)
40K(EC)40Ar (239.0(3))
40Cl(β−)40Ar (239.0(3))
19Ne∗? (238.3)
(4) (3) (,,,)
65 241.31(5) 0.0034(3)
214Pb(β−)214Bi (241.9950(23))
57V(β−)57Cr? ∗ (240.8(4))
225Rn(β−)225Fr? ∗ (241.34(5));
(4) (3) (,,,)
66 245.17(5) 0.0007(3) 210At(EC)210Po (245.31(1)) CE 403? (4) (2) (,,,)
67 248.52(5) 0.0005(2)
205Po(EC)205Bi (248.2(1))
198Bi(IT)198Bi? (248.5(5)) (7) (3) (,,,)
68 253.08(4) 0.0033(6)
208Tl(β−)208Pb (252.755(12))
230Th(α)226Ra? (253.73(1) (7) (2) (,,,)
69 257.79(5) 0.0018(4) 217At(α)213Bi (257.90(12)) (7) (2) (,,,)
70 264.63(2) 0.010(3)
75Se(EC)75As ∗ (264.6576(9))
77Ge(β−)77As (264.450(25)) (1) (3) (,2,,)
71 268.52(5) 0.0018(4) 207At(EC)207Po? (268.08(6)) (4) (1) (,,,)
72 271.28(2) 0.018(2) 44mSc(IT)44Sc (271.24(1)) (2) (1) (,,,)
73 274.79(6) 0.0020(5) 214Pb(β−)214Bi? (274.80(4)) CE 438? (7) (1) (1,,,)
74 279.22(2) 0.010(2) 203Pb(EC)203Tl (279.1955(12)) (7) (2) (,,,)
75 283.18(6) 0.0012(2)
71As(EC)71Ge? (283.33(4))
61Cu(EC)61Ni? (282.956(10)) (1) (2) (,,,)
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76 291.29(4) 0.0028(5)
212At(α)208Bi (291.77(6))
61Cu(EC)61Ni + K? (290.43) (4) (1) (,,,)
77 295.56(5) 0.0055(6) 214Pb(β−)214Bi (295.2228(18)) (4) (2) (,,,)
78 297.41(3) 0.015(5)
73As(EC)73Ge ∗ (297.41(15))
68Ge(EC)68Ga? ∗ (297.41(15))
73Ga(β−)73Ge? (297.32(5))
(1) (3) (,2,,)
79 300.34(3) 0.026(4)
67Ga(EC)67Zn (300.219(10))
67Ga(EC)67Zn + L (301.23) (5) (1) (,,,)
80 303.65(4) 0.009(2) 75mAs(IT)75As (303.9236(10)) (2) (1) (,,,)
81 307.08(4) 0.0027(6) 123Cs(EC)123Xe? (307.0(1)) (4) (1) (,,,)
82 309.87(2) 0.039(5) 67Ga(EC)67Zn + K (309.8) (2) (1) (,,,)
83 312.23(5) 0.005(1) 42Sc(EC)42Ca? (312.60(25)) CE 478? (6) (1) (1,,,)
84 316.34(4) 0.0030(6)
113Ag(β−)113Cd? (316.21(2))
128Ba(EC)113Cs? (317.16(10)) (4) (1) (,,,)
85 320.04(3) 0.0066(9)
51Cr(EC)51V (320.0824(4))
51Cr(EC)51V + L (320.59) (4) (1) (,,,)
86 325.69(3) 0.009(1)
51Cr(EC)51V + K (325.03)
73Ga(β−)73Ge? (325.70(7)) (2) (2) (,2,,)
87 328.40(4) 0.0018(4) 223Ra(α)219Rn? (328.38(3)) (4) (2) (,,,)
88 331.15(3) 0.006(1) 231Th(β−)231Pa? (330.9(3)) (7) (2) (,,,)
89 334.82(5) 0.0007(2) 227Th(α)223Ra (334.37(2)) (4) (3) (,,,)
90 338.18(4) 0.0036(3) 228Pa(EC)228Th ∗ (338.320(3)) CE 511? (4) (2) (,,,)
91 343.07(5) 0.0013(3) 223Ra(α)219Rn? (342.87(4)) (7) (2) (,,,)
92 351.70(4) 0.0067(4)
214Pb(β−)214Bi (351.9321(18))
118I(β+)118Te? (351.7(3))
178Re(EC)178W? (351.4(1))
(4) (2) (,,,)
93 360.83(5) 0.0006(2) 181Re(EC)181W? (360.7(3)) (2) (2) (,,,)
94 365.50(4) 0.0030(5)
181Re(EC)181W? (365.5(3))
198Pb(EC)198Pb? (365.4(1)) (7) (1) (,,,)
95 367.50(4) 0.0045(1) 200Tl(EC)200Hg (367.942(10)) (7) (2) (,,,)
96 374.65(5) 0.0028(5) ∗∗ (7) (2) (1,,,)
97 374.76(4) 0.0013(2) 204Bi(EC)204Pb (374.76(7)) (7) (2) (,,,)
98 383.49(5) 0.005(1)
∗∗
66Ge(EC)66Ga? (381.85(5))
66Ge(EC)66Ga + L? (383.1)
(7) (2) (1,,,)
99 383.54(4) 0.00031(9) 195Pb(EC)195Tl? (383.64(12)) (7) (2) (,,,)
100 389.81(5) 0.0021(4) 25Na(β−)25Mg (389.710(35)) (2) (2) (,,,)
101 393.69(3) 0.011(2)
67Ga(EC)67Zn (393.529(10))
67Ga(EC)67Zn + L (394.53) (1) (1) (,,,)
102 398.03(3) 0.011(2) 69As(EC)69Ge (397.94(3)) (1) (1) (,,,)
103 403.10(3) 0.026(4) 67Ga(EC)67Zn + K (403.1) CE 584? (2) (1) (,,,)
104 411.79(4) 0.0044(6)
54Co(EC)54Fe? (411.4(5))
55Co(EC)55Fe? (411.9(3))
198Tl(EC)198Hg? (411.80205(17))
(4) (1) (,,,)
105 416.60(6) 0.0004(2) 122Xe(EC)122I? (416.633(25)) (4) (3) (,,,)
106 420.81(6) 0.0010(3)
∗∗
54Co(EC)54Fe + K? (418.4)
55Co(EC)55Fe + K? (419.0)
(2) (2) (1,,,)
107 425.41(9) 0.0023(4) 197Tl(EC)197Hg (425.84(10)) CE 607? (7) (2) (,,,)
108 427.96(7) 0.0028(5)
201Bi(EC)201Pb? (428.0(10))
194Tl(EC)194Hg? (427.91(9)) (7) (1) (,,,)
109 431.5(1) 0.0010(3)
?
76Ga(β−)76Ge (431.0(5)) (3) (1) (,,,)
110 433.99(9) 0.0004(1) ?212Bi(α)208Tl (433.7(5)) (3) (2) (,,,)
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111 436.7(1) 0.006(2)
∗∗
42Sc(EC)42Ca? (436.84(12)) (1) (1) (1,,,)
112 438.64(3) 0.082(9) 69mZn(IT)69Zn (438.634(18)) (1) (1) (,,,)
113 440.11(1) 0.008(2)
23Ne(β−)23Na (439.986(10))
23Mg(EC)23Na (439.986(10)) (6) (1) (1,,,)
114 442.22(9) 0.00002(1) ?76Ga(β−)76Ge + K (440.9) (2) (3) (,,,)
115 444.89(1) 0.0005(1) 75Ga(β−)75Ge (444.8(1)) (1) (2) (,,,)
116 455.41(9) 0.0017(4) 199Tl(EC)199Hg? (455.46(3)) (7) (2) (,,,)
117 459.68(9) 0.0010(2) 186W(α, 2nγ)188Os (459.2(4)) (2) (2) (,,,)
118 462.78(8) 0.0020(4)
127Cs(β+)127Xe? (462.31(5))
128Cd(β−)128In? (462.7(3)) (4) (1) (,,,)
119 465.48(9) 0.0024(6)
56Fe(p, γ)57Co (465.7)
65Cu(n, γ)66Cu (465.152(12))
59Mn(β−)59Fe (465.0(2))
(3) (1) (,,,)
120 468.60(9) 0.005(1) ∗∗? (3) (1) (1,,,)
121 472.13(3) 0.046(6)
24Ne(β−)24Na (472.2024(8))
24mNa(IT)24Na (472.2024(8)) (1) (1) (,,,)
122 474.22(9) 0.013(2)
77Zn(β−)77Ga (473.94(5))
77Zn(β−)77Ga + L (475.1) (2) (2) (,,,)
123 474.75(9) 0.038(7) ∗∗ (3) (1) (1,,,)
124 477.79(8) 0.058(1)
7Be(EC)7Li? (477.595)
10Be(n, αγ)7Li (477.595) (2) (1) (1,,,)
125 482.15(6) 0.040(6) ∗∗ (2) (1) (1,,,)
126 492.78(9) 0.0011(2)
25Si(β+)25Al? (493.3(7))
131Te(β−)131I? (492.66(1)) (4) (2) (,,,)
127 496.82(8) 0.0012(3)
122Cs(EC)122Xe (497.2(1))
131Ba(EC)131Cs (496.35(21)) (4) (2) (,,,)
128 499.75(8) 0.0029(7) 70Ge(n, γ)71Ge? (499.891(24)) (4) (2) (,,,)
129 502.7(1) 0.0009(3)
128Te(p, nγ)128I? (502.55(4))
128Te(p, nγ)128I? (502.88(8)) (4) (2) (,,,)
130 510.60(7) 0.032(9) e+ + e− → γ + γ (511.00) CE 700? (1) (2) (1,2,,)
131 510.97(3) 0.10(3) e+ + e− → γ + γ (511.00) (1) (3) (,2,,)
132 520.74(9) 0.00008(2) 58Cr(β−)58Mn? (520.4(5)) (4) (2) (,,,)
133 526.74(9) 0.0004(2) 71As(EC)71Ge (526.642(4)) (1) (3) (,,,)
134 538.42(8) 0.00034(9) 214Pb(β−)214Bi (538.42(8)) (4) (2) (,,,)
135 547.00(9) 0.0009(1) 48Ti(p,3 He)46Sc (547.11(4)) (2) (2) (,,,)
136 554.99(8) 0.0006(1) 121Cs(EC)121Xe? (555.0(3)) (4) (2) (,,,)
137 557.00(6) 0.0019(3) 119I(EC)119Te (557.2(1)) (4) (1) (,,,)
138 563.43(6) 0.003(1) 76Ge(n, n′γ)76Ge? (562.93(3)) (2) (2) (,,3,)
139 569.76(5) 0.007(1)
207Bi(EC)207Pb (569.698(2))
57Co(EC)57Fe (569.92(4)) (4) (2) (,,3,)
140 574.41(4) 0.018(2)
69Ge(EC)69Ga (574.20(3))
69Ge(EC)69Ga + L (575.4) (5) (1) (,,,)
141 581.22(8) 0.009(2)
209At(α)205Po? (580.9(2))
205mPo(IT)205Po? (580.9(2)) (4) (1) (1,,,)
142 584.58(3) 0.031(4)
69Ge(EC)69Ga + K (584.54)
75Ga(β−)75Ge (584.1(2)) (2) (1) (,,,)
143 596.15(4) 0.010(3)
74Ga(β−)74Ge (595.847(6))
73Ge(n, γ)74Ge (595.847(6))
74Ge(n, n′)74Ge (595.847(6))
69Ge(EC)69Ga (1107.01 − 511 = 596.01)
(1) (2) (,2,3,)
144 599.27(8) 0.009(4)
72Cu(β−)72Zn ∗ (599.6(3))
113Cd(n, n′γ)113Cd ∗ (598.95(5))
123I(EC)123Te ∗ (599.69(16))
(4) (2) (1,,3,)
145 607.03(8) 0.011(3)
125Sb(β−)125Te (606.713(3))
69Ge(EC)69Ga + K (1117.38 − 511 = 606.38) (4) (2) (1,,3,)
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146 616.30(8) 0.0011(4)
69Ge(EC)69Ga? (616.7(2))
69Ge(EC)69Ga + L? (617.8) (2) (2) (1,,3,)
147 620.09(7) 0.0006(2)
71Zn(β−)71Ga? (620.17(6))
71Zn(β−)71Ga + L? (621.3) (2) (3) (,,,)
148 624.46(7) 0.0004(3) 123I(EC)123Te? (624.57(5)) CE 818? (4) (3) (,,,)
149 629.02(5) 0.0064(8)
201Bi(EC)201Pb (629.1(5))
207Po(EC)207Bi (629.80(9)) (7) (1) (,,,)
150 632.00(7) 0.0026(8)
227Th(α)223Ra (632.3(7))
108In(EC)108Cd (632.97(2)) (2) (3) (1,,,)
151 639.00(7) 0.0007(2)
234Ac(β−)234Th (638.7(3))
203At(EC)203Po? (639.4(2)) CE 839? (4) (2) (,,,)
152 641.56(7) 0.0011(3)
203At(EC)203Pb (641.8(2))
207Rn(α)203Po (639.4(2)) (7) (2) (,,,)
153 646.20(5) 0.0033(6) 124Sb(β−)124Te (645.8520(19)) (4) (1) (,,,)
154 650.12(7) 0.0013(3)
109In(EC)109Cd? (650.0(1))
121Xe(EC)121I? (649.7(3))
212At(α)208Bi? (650.60(16))
(4) (2) (,,,)
155 657.11(5) 0.0028(5)
76As(β−)76Se? ∗ (657.041(5))
61Cu(EC)61Ni (656.008(4))
61Cu(EC)61Ni + L (657.0)
(1) (1) (,,,)
156 664.46(7) 0.0013(4)
∗∗
181Re(EC)181W? (661.8(4)) (2) (2) (1,,,)
157 664.33(5) 0.0016(3) 61Cu(EC)61Ni + K (664.34) (2) (1) (,,,)
158 671.26(5) 0.0022(3) 38mCl(IT)38Cl (671.360(8)) (2) (1) (,,,)
159 679.76(6) 0.0005(1) ? (4) (2) (,,,)
160 684.04(6) 0.0006(2) 178Re(EC)178W? (683.8(2)) CE 882? (1) (1) (,,,)
161 688.35(6) 0.0029(9)
205Bi(EC)205Pb (688.50(5))
234Ac(β−)234Th (688.5(3)) (7) (1) (,,,)
162 692.95(4) 0.012(3)
67As(EC)67Ge? (693.1(5))
67As(EC)67Ge + L? (694.4) (2) (1) (,,,)
163 695.46(5) 0.08(2)
72Ge(n, n′γ)72Ge? ∗ (689.6(5))
∗∗
195Bi(EC)195Pb? (695.4(3))
(4) (1) (1,,,)
164 699.93(5) 0.023(6)
205Bi(EC)205Pb + L (700.0)
129mSb(IT)129Sb? (699.64(6)) (2) (1) (,,,)
165 703.17(4) 0.028(7) 205Bi(EC)205Pb (703.44(3)) (4) (1) (,,,)
166 706.69(6) 0.021(5)
230Fr(β−)230Ra (706.5(1))
135Sn(β−)135Sb? (706.9(1)) CE 911? (4) (1) (1,,,)
167 713.37(6) 0.0008(3)
214Ac(α)210Fr? (713.4(7))
207mBi(IT)207Bi? (713.5(2)) CE 911? (4) (2) (,,3,)
168 721.15(5) 0.006(7)
?
68mCu(IT)68Cu? ∗ (721.6(7))
203Bi(EC)203Pb? ∗ (722.4(4))
(4) (3) (,,3,)
169 727.44(6) 0.001(1) 212Bi(β−, IT)212Po ∗ (727.330(9)) (2) (3) (,,3,)
170 739.49(6) 0.0013(3) 206Bi(EC)206Pb? (739.24(8)) (7) (2) (,,,)
171 743.05(7) 0.0013(3)
211At(α)207Bi (742.72(15))
207Po(EC)207Bi (742.72(15))
234Pa(β−)234U (742.81(3))
(7) (2) (,,,)
172 749.15(7) 0.0011(3)
∗∗
208Tl(β−)208Pb (748.845(12))
208Pb(n, n′)208Pb? (748.845(12))
(7) (2) (1,,,)
173 752.01(4) 0.008(1) 204mBi(IT)204Bi∗? (752.1(2)) (7) (1) (,,,)
174 755.75(6) 0.0008(2)
38S(β−)38Cl? (755.425(11))
111Sb(EC)111Sn? (755.4(3))
133Cs(n, n′)133Cs? (755.58(10))
(4) (2) (,,,)
175 764.24(7) 0.0004(1) ∗∗? (4) (2) (1,,,)
23
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176 766.19(6) 0.0019(2) 234Pa(β−)234U (766.38(2)) (7) (2) (,,,)
177 772.43(7) 0.0003(1)
∗∗
77mZn(IT)77Zn? (772.43(2))
138I(β−)138Xe? (771.0(3))
(6) (3) (,,,)
178 778.22(7) 0.0006(2) ∗∗ CE 987? (6) (2) (1,,,)
179 786.00(4) 0.00027(9)
234Pa(β−)234U (786.27(3))
214Pb(β−)214Bi (785.96(8)) (4) (3) (,,,)
180 792.27(4) 0.0003(1) 125Cd(β−)125In (792.43(20)) (4) (2) (,,3,)
181 795.64(4) 0.0005(1) 205Po(EC)205Bi (796.0(2)) (4) (2) (,,,)
182 802.7(1) 0.0014(4)
48V(EC)48Ti? (802.89(9))
206Bi(EC)206Pb (803.06(3)) (6) (1) (,,3,)
183 807.13(5) 0.0023(6)
∗∗
83As(β−)83Se (807.5(3)) (1) (1) (1,,,)
184 810.91(5) 0.027(4)
58Co(EC)58Fe (810.7593(20))
58Co(EC)58Fe (811.4) CE 1014? (1) (1) (,,3,)
185 814.77(6) 0.0025(7)
∗∗
67Zn(n, n′)67Zn? (814.88(7))
207mPo(IT)207Po? (814.41(3))
(6) (1) (,,,)
186 817.90(4) 0.030(4) 58Co(EC)58Fe + K (817.89) (2) (1) (,,3,)
187 820.74(6) 0.0027(7) 203Bi(EC)203Pb (820.2(5)) (7) (1) (,,,)
188 825.24(3) 0.011(2) 203Bi(EC)203Pb (825.2(5)) (7) (1) (,,,)
189 834.81(6) 0.013(4)
∗∗
54Mn(EC)54Cr + L (835.5)
230Fr(β−)230Ra (835.5(3))
72Ga(β−)72Ge? (834.01(2))
(6) (2) (1,,,)
190 834.87(5) 0.031(7)
54Mn(EC)54Cr (834.848(3))
54Mn(EC)54Cr + L (835.5) (1) (2) (,2,3,)
191 840.99(5) 0.023(5) 54Mn(EC)54Cr + K (840.3) (2) (2) (,,,)
192 843.88(5) 0.020(3) 27Mg(β−)27Al (843.76(10)) (1) (1) (,,,)
193 846.67(4) 0.015(3)
56Co(EC)56Fe (846.7638(19))
56Co(EC)56Fe + L (847.52)
56Mn(β−)56Fe (846.7638(19))
(4) (1) (,,3,)
194 850.30(5) 0.0011(5) 57Cr(β−)57Mn (850.2(6)) (4) (2) (,,3,)
195 853.52(5) 0.0010(4)
56Co(EC)56Fe + L (853.88)
56Fe(p,3 He)54Mn? (853.1(5))
192Bi(EC)192Pb? (853.8(2))
(2) (2) (,,3,)
196 860.10(4) 0.0008(3) 208Tl(β−)208Pb (860.557(4)) (2) (2) (,,3,)
197 867.04(5) 0.0018(5)
203Bi(EC)203Pb? (866.5(10))
∗∗ (1) (2) (1,,3,)
198 872.40(3) 0.015(2)
69Ge(EC)69Ga (872.14(3))
69Ge(EC)69Ga + L (873.28) (5) (1) (,,,)
199 878.33(6) 0.0028(7)
∗∗
206Bi(EC)206Pb? (880.98(5))
59Cu(EC)59Ni? (877.97(3))
(1) (1) (1,,,)
200 882.52(4) 0.025(3) 69Ge(EC)69Ga + K (882.52) (2) (1) (,,,)
201 888.99(5) 0.0029(6)
46Sc(β−)46Ti (889.227(3))
67Ga(EC)67Zn (887.693(15))
67Ga(EC)67Zn + L (888.7)
(4) (2) (,2,3,)
202 895.88(5) 0.0028(1)
206Bi(EC)206Pb (895.12(5))
203Bi(EC)203Pb (896.9(4)) (7) (2) (,,3,)
203 899.19(4) 0.0065(8) 204Bi(EC)204Pb (899.15(3)) CE 1107? (7) (1) (,,,)
204 903.18(5) 0.0011(4)
184Ta(β−)184W (903.282(19))
183W(n, γ)184W (903.282(19))
184W(n, γ)185W (903.60(9))
182W(n, γ)183W (903.3(9))
(7) (2) (,,,)
205 911.26(5) 0.0102(9)
228Ac(β−)228Th (910.7(1))
228Ac(β−)228Th (911.204(4)) CE 1116/1124? (7) (1) (,,,)
24
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206 920.73(6) 0.0010(2)
209Tl(β−)209Pb (920.53(17))
55V(β−)55Cr (921.10(12)) (4) (2) (,,,)
207 927.70(6) 0.0002(1)
75Ga(β−)75Ge (927.2(2))
78Ga(β−)78Ge (927.2(3)) (1) (3) (,,,)
208 931.68(7) 0.0003(1) 207mBi(IT)207Bi (931.8(2)) (2) (2) (,,,)
209 935.76(7) 0.0007(2)
52Mn(EC)52Cr (935.538(11))
52Mn(EC)52Cr + L (936.1)
52V(β−)52Cr (935.538(11))
178Re(EC)178W (938.6(1))
(4) (2) (1,,,)
210 945.06(7) 0.0003(1)
25Si(β+)25Al? (944.9(5))
61Fe(β−)61Co? (945.4(5)) (4) (3) (,,,)
211 953.60(7) 0.0004(1)
196Pb(EC)196Tl? (954.1(8))
230Th(CE)230230? (954(1)) (7) (2) (,,,)
212 961.53(7) 0.0013(4)
73Ge(n, γ)74Ge (961.055(10))
74Ga(β−)74Ge (961.055(10))
74As(EC)74Ge (961.055(10))
202Bi(EC)202Pb? (960.67(5))
(4) (2) (1,,,)
213 964.96(7) 0.00068(1) 228Ac(β−)228Th (964.777(11)) (2) (3) (,,,)
214 969.05(5) 0.0028(2)
228Ac(β−)228Th (968.974(17))
74As(EC)74Ge + K? (970.9) (4) (2) (,,,)
215 974.81(6) 0.0017(3)
25Na(β−)25Mg (974.742(35))
204Bi(EC)204Pb + K? (974.1)
45Ti(EC)45Sc? (974.42(15))
(2) (1) (,,,)
216 980.07(7) 0.0008(2) 172Ta(EC)172Hf? (980.01(10)) (7) (2) (,,,)
217 983.85(7) 0.004(1)
48V(EC)48Ti (983.5299(24))
48V(EC)48Ti + L (984.2)
48Sc(β−)48Ti (983.5299(24))
204Bi(EC)204Pb (983.98(3))
(7) (2) (,,3,)
218 987.65(5) 0.013(2)
48V(EC)48Ti + K (988.04)
205Bi(EC)205Pb ∗ (987.66(5)) (7) (1) (,,3,)
219 992.20(8) 0.0028(7)
211At(α)207Bi? (992.39(20))
207Po(EC)207Bi (992.39(20)) (7) (2) (,,3,)
220 1001.21(6) 0.0023(2)
234Pa(β−)234U (1001.03(3))
133Te(β−)133I? (1000.72(1))
205Po(EC)205Bi? (1001.2(1))
53Ti(β−)53V (1001.0(11))
(4) (2) (,,,)
221 1006.60(7) 0.0005(2)
53V(β−)53Cr? (1006.14(6))
53Cr(CE)53Cr? (1006.14(6)) (2) (2) (,,,)
222 1014.56(5) 0.010(2) 27Mg(β−)27Al (1014.52(10)) (1) (2) (,,3,)
223 1017.71(7) 0.0011(5) 125Sn(β−)125Sb (1017.50(8)) (4) (2) (1,,3,)
224 1021.9(1) 0.0041(9) e+ + e→γ + γ(1022.00) (1) (2) (,,,)
225 1026.29(7) 0.0007(2)
182W(n, γ)183W? (1026.38(2))
183W(CE)183W? (1026.38(2))
186Ir(EC)186Os? (1026.7(3))
(7) (2) (,,,)
226 1034.36(7) 0.0009(2) 129Ba(EC)129Cs? (1034.8(1)) (4) (2) (1,,,)
227 1039.35(5) 0.004(1)
66Ga(EC)66Zn (1039.220(3))
66Ga(EC)66Zn + L (1040.23)
70Ge(n, n′)70Ge? ∗ (1039.20(8))
70Ga(β−)70Ge (1039.513(10))
(1) (2) (,2,3,)
228 1044.31(7) 0.0013(5) 127I(CE)127I? (1044.21(19)) (4) (2) (,,3,)
229 1048.76(7) 0.0016(3)
66Ga(EC)66Zn + K (1047.86)
66Ga(EC)66Zn + K + L (1048.87) (4) (1) (,,,)
230 1050.93(7) 0.0007(3)
44Ar(β−)44K? (1051.3(1))
131Sb(β−)131Te? (1050.91(4)) (4) (2) (,,3,)
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231 1056.66(7) 0.0004(2)
141Cs(β−)141Ba? (1056.24(11))
143Sm(EC)143Pm? (1056.58(7)) CE 1275? (4) (2) (,,3,)
232 1063.76(5) 0.0029(5)
207Bi(EC)207Pb (1063.656(3))
207mPb(IT)207Pb? (1063.656(3)) (7) (3) (,,,)
233 1077.59(5) 0.0026(4)
68Ga(EC)68Zn (1077.34(5))
68Ga(EC)68Zn + L (1078.4) (5) (1) (,,,)
234 1087.09(5) 0.0036(5)
68Ga(EC)68Zn + K (1086.0)
68Ga(EC)68Zn + K + L (1087.3) (2) (1) (,,,)
235 1095.69(7) 0.0005(1)
71As(EC)71Ge (1095.490(11))
143Sm(EC)143Pm + K? (1095.31) (1) (2) (,,,)
236 1099.11(6) 0.0014(3)
59Co(CE)59Co? (1099.245(3))
103Cd(EC)103Ag? (1099.32(7)) (3) (2) (,,,)
237 1103.54(9) 0.0029(8)
∗∗
120I(EC)120Te? (1103.2(2))
120Te(CE)120Te? (1103.2(2))
(1) (2) (,,,)
238 1107.16(5) 0.037(5) 69Ge(EC)69Ga (1107.01(6)) (5) (1) (,2,,)
239 1110.30(9) 0.003(1)
∗∗?
69Ge(EC)69Ga + L (1108.2)
43Ar(β−)43K? (1110.1(1))
(3) (1) (,,,)
240 1116.9(1) 0.09(1)
69Ge(EC)69Ga + K (1116.90)
65Zn(EC)65Cu (1115.546(4))
65Zn(EC)65Cu + L (1116.5)
(1) (1) (,,,)
241 1120.8(1) 0.0036(1)
214Bi(EC)214Po? ∗ (1120.287(10))
46Sc(β−)46Ti (1120.545(4))
182Ta(β−)182W (1121.290(3))
103Cd(EC)103Ag + K? (1121.5)
(4) (1) (,,,)
242 1124.61(8) 0.047(9) 65Zn(EC)65Cu + K (1124.53) (2) (2) (,,,)
243 1126.42(7) 0.004(1)
44K(β−)44Ca (1126.076(10))
211Rn(EC)211At (1126.7(1)) (6) (2) (,,,)
244 1130.35(9) 0.0008(3)
39Ca(EC)39K? (1129.96(12))
57Cr(β−)57Mn (1129.9(3)) (4) (2) (,,,)
245 1134.66(6) 0.0006(3)
∗∗
77Ge(β−)77As (1134.76(14)) (2) (2) (1,,,)
246 1139.50(6) 0.0006(1)
71As(EC)71Ge (1139.41(6))
71As(EC)71Ge + L (1140.6)
207Bi(EC)207Pb + K? (1138.6)
(2) (2) (,,,)
247 1146.14(7) 0.0002(1) ∗∗? (4) (3) (1,,,)
248 1150.42(7) 0.00017(7)
71As(EC)71Ge + K (1149.3)
28Na(β−)28Mg? (1150.5(4)) CE 1369? (1) (3) (,,,)
249 1157.04(6) 0.0012(2)
44Sc(EC)44Ca (1157.002(4))
44K(β−)44Ca (1150.002(4)) (2) (2) (,,,)
250 1160.67(7) 0.0004(1)
44Sc(EC)44Ca + K (1160.77)
61Mn(β−)61Fe? (1161.0(1)) (2) (2) (,,,)
251 1164.81(7) 0.00008(4)
51Mn(EC)51Cr (1164.5(1))
51Mn(EC)51Cr + L (1165.1) (2) (2) (,,,)
252 1170.34(7) 0.00018(7) 51Mn(EC)51Cr + K (1169.9) (6) (2) (,,,)
253 1173.28(6) 0.0018(8) 60Co(β−)60Ni (1173.228(3)) (4) (3) (,,,)
254 1185.63(7) 0.00035(8)
61Cu(EC)61Ni (1185.234(15))
61Cu(EC)61Ni + L (1186.1) (1) (2) (,,,)
255 1189.47(6) 0.0015(3)
59Fe(β−)59Co ∗ (1189.6(4))
182Ta(β−)182W (1189.040(3)) (2) (1) (,,3,)
256 1193.60(7) 0.0005(1) 61Cu(EC)61Ni + K (1193.57) (4) (1) (,,,)
257 1196.13(6) 0.00022(8)
137Xe(β−)137Cs? (1195.75(6))
211Pb(β−)211Bi? (1196.33(5)) (4) (2) (,,,)
258 1204.62(7) 0.0009(3)
74As(EC)74Ge (1204.208(12))
73Ge(n, γ)74Ge (1204.208(12)) (2) (2) (,,3,)
259 1210.06(6) 0.0007(4)
138I(β−)138Xe? (1210.18(25))
199Pb(EC)199Tl? (1209.6(1)) (4) (2) (1,,3,)
260 1217.17(6) 0.0006(2) ∗∗? (4) (2) (1,,,)
26
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261 1221.55(5) 0.0017(3) 182Ta(β−)182W (1221.395(3)) (1) (1) (,,,)
262 1224.16(7) 0.0008(3)
57Ni(β+)57Co (1224.00(4))
202Bi(EC)202Pb? (1224.24(10)) (4) (2) (1,,3,)
263 1231.12(6) 0.0007(2) 182Ta(β−)182W (1231.004(3)) (1) (2) (,,,)
264 1238.56(6) 0.0010(3)
56Co(EC)56Fe (1238.2736(22))
56Co(EC)56Fe + L (1239.03)
205Po(EC)205Bi (1239.1(1))
214Bi(β−)212Po (1238.122(7))
(4) (2) (,,,)
265 1250.75(7) 0.00017(7)
?
56Co(EC)56Fe + K? (1244.7) (4) (3) (,,,)
266 1253.42(6) 0.00024(9)
203Bi(EC)203Pb (1253.8(10))
61Mn(β−)61Fe? (1252.9(1))
205Bi(EC)205Pb (1764.4 − 511 = 1253.4)
(4) (2) (,,,)
267 1257.38(7) 0.00018(8)
182Re(EC)182W (1257.407(3))
112Sb(EC)112Sn? (1256.68(4)) (2) (3) (,,,)
268 1261.20(7) 0.00018(7) 197Pb(EC)197Tl? (1261.23(10)) (4) (3) (,,,)
269 1267.04(7) 0.0004(1)
39Cl(β−)39Ar? (1267.191(11))
192Bi(EC)192Pb? (1266.9(3)) (4) (2) (1,,,)
270 1274.56(6) 0.0033(9) 22Na(β+)22Ne ∗ (1274.537(7)) (4) (3) (,,,)
271 1277.51(7) 0.00029(1)
197Pb(EC)197Tl + L? (1276.0)
201Pb(EC)201Tl? (1277.13(7)) (4) (2) (,,3,)
272 1292.78(7) 0.0015(3) 41Ar(β−)41K∗? (1293.586(7)) (4) (2) (1,2,,)
273 1298.69(6) 0.0007(1)
26mMg(IT)26Mg? (1808.7 − 511 = 1297.7)
63Fe(β−)63Co? (1299.0(2))
74Ge(p, γ)75As? (1299.5(9))
(2) (2) (,,,)
274 1312.06(8) 0.0011(6)
48V(EC)48V (1312.103(5))
48V(EC)48Ti + L (1312.55)
48Sc(β−)48Ti (1312.103(5))
(4) (3) (,,3,)
275 1316.83(7) 0.0003(1) 48V(EC)48Ti + K (1316.61) (2) (3) (,,3,)
276 1326.32(7) 0.0003(1) 127In(β−)127Sn (1326.47(9)) (4) (2) (,,3,)
277 1332.55(6) 0.0019(7) 60Co(β−)60Ni (1332.501(5)) (2) (3) (,,,)
278 1336.91(6) 0.0035(5)
69Ge(EC)69Ga (1336.72(6))
69Ge(EC)69Ga + L (1337.8) (5) (1) (,,,)
279 1342.45(7) 0.0004(1)
28Mg(β−)28Al? (1342.30(11))
26Si(β+)26Al? (1342.145(9))
178Re(EC)178W? (1342.5(15))
(2) (2) (,,3,)
280 1347.00(6) 0.0050(7)
69Ge(EC)69Ga + K (1345.9)
69Ge(EC)69Ga + K + L? (1347.1) (2) (1) (,,,)
281 1354.12(6) 0.00023(9) 65Ga(EC)65Zn (1354.5(2)) (1) (3) (,,,)
282 1357.10(7) 0.0003(1)
19O(β−)19F? (1356.9(9))
19Ne(β+)19F? (1356.9(9)) (1) (3) (,,3,)
283 1365.35(7) 0.0012(6)
117Cd(β−)117In? (1365.54(5))
∗∗ (4) (2) (1,,3,)
284 1368.82(6) 0.007(2) 24Na(β−)24Mg (1368.626(5)) (4) (2) (,,3,)
285 1372.92(7) 0.0005(3) 207Po(EC)207Bi (1372.5(4)) (6) (3) (,,3,)
286 1378.20(6) 0.0014(2)
127Sb(β−)127Te? (1378.4(1))
224Fr(β−)224Ra? (1378.45(10))
214Bi(β−)214Po? (1377.669(12))
(4) (2) (,,3,)
287 1381.84(7) 0.0020(3)
43Cl(β−)43Ar? (1381.79(7))
48Ti(n, γ)49Ti (1381.745(5)) (4) (1) (,,,)
288 1384.61(7) 0.0005(1)
129Sb(β−)129Te? (1384.98(5))
209Fr(EC)209Rn? (1384.2(3)) (4) (2) (,,3,)
289 1396.58(6) 0.0004(1)
103Sn(EC)103In? (1396.8(1))
107Sn(EC)107In? (1396.0(5)) (7) (3) (,,,4)
290 1401.79(6) 0.00018(9) 214Bi(β−)214Po (1401.515(12)) (4) (3) (,,,4)
27
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291 1408.38(6) 0.0004(1)
54Fe(p, p′)54Fe (1408.1(2))
54Fe(n, n′)54Fe (1408.1(2))
54Co(EC)54Fe (1408.1(2))
214Bi(β−)214Po? (1407.988(11))
(4) (2) (,,3,4)
292 1412.16(7) 0.0003(1) 62Ni(p, p′)62Ni? (1412.08(5)) CE 1634? (4) (2) (,,3,4)
293 1416.28(6) 0.00019(6)
52Fe(EC)52Mn (1416.1(2))
52Fe(EC)52Mn + L (1416.8) (2) (2) (,,,4)
294 1420.78(6) 0.00014(6)
139Cs(β−)139Ba? (1420.66(6))
198Tl(EC)198Hg? (1420.6(3)) (1) (3) (,,3,4)
295 1428.36(7) 0.0002(1)
58Ni(p, n)58Cu? (1427.8(3))
109Sn(EC)109In? (1428.32(10)) (4) (3) (,,3,4)
296 1434.27(5) 0.0024(3)
52Mn(EC)52Cr (1434.068(14))
52Mn(EC)52Cr + L (1434.64) (4) (1) (,,3,4)
297 1438.26(7) 0.0004(2) ∗∗? (4) (2) (1,,3,4)
298 1449.68(7) 0.00024(9) 178Re(EC)178W? (1450.0(5)) (4) (3) (,,,4)
299 1455.04(6) 0.0003(2) 61Ni(p, p′)61Ni? (1454.8(1)) (4) (3) (,,,4)
300 1460.93(6) 0.0023(2)
40K(EC)40Ar (1460.820(5))
40K(EC)40Ar + L (1461.07) (4) (3) (,,,4)
301 1463.83(6) 0.0006(2) 40K(EC)40Ar + K (1463.78) (4) (3) (,,,4)
302 1469.08(6) 0.00024(1) 181Re(EC)181W? (1469.2(5)) (4) (2) (,,,4)
303 1474.97(6) 0.00021(9) 78Ga(β−)78Ge? (1475.5(4)) (2) (3) (,,,4)
304 1481.47(7) 0.0003(1)
65Ni(β−)65Cu? (1481.84(5))
77Ge(β−)77As? (1481.73(24)) (2) (3) (,,,4)
305 1488.69(6) 0.00016(5) 200Tl(EC)200Hg? (1488.5(4)) (1) (3) (,,,4)
306 1497.89(6) 0.00037(1)
∗∗?
61Mn(β−)61Fe? (1498.3(5)) (1) (2) (1,,,4)
307 1502.18(7) 0.00029(8) ? (4) (2) (,,,4)
308 1509.89(6) 0.00016(6) 74Ga(β−)74Ge? (1509.66(9)) (4) (3) (,,,4)
309 1513.26(6) 0.00028(1) 66Ge(EC)66Ga? (1512.87(4)) (4) (3) (,,,4)
310 1519.21(6) 0.0004(1) ? (4) (2) (,,,4)
311 1525.06(7) 0.00045(9)
69Ge(EC)69Ga (1525.83(7))
83Ge(β−)83As? (1525.50(14)) (2) (2) (,,,4)
312 1527.85(6) 0.0003(1) 69Ge(EC)69Ga + L (1526.9) (4) (2) (,,,4)
313 1536.54(5) 0.0014(3)
69Ge(EC)69Ga + K (1535.1)
203Bi(EC)203Pb (1536.5(5)) (4) (1) (,,,4)
314 1543.24(6) 0.00022(1) 74Ge(p, γ)75As? (1543.0(10)) CE 1764? (2) (3) (,,,4)
315 1548.59(7) 0.0002(1)
32Cl(EC)32S? (1548.8(15))
81Ga(β−)81Ge? (165.07) (2) (3) (,,,4)
316 1551.52(6) 0.00028(6) 205Bi(EC)205Bi (1551.8(2)) (7) (2) (,,,4)
317 1554.02(6) 0.00023(8)
50Sc(β−)50Ti (1553.768(8))
69Ga(n, γ)70Ga (1554.3(8)) CE 1779? (2) (2) (,,,4)
318 1558.67(7) 0.00019(9) 76Ge(n, γ)77Ge (1558.48(10)) (2) (3) (,,,4)
319 1572.86(6) 0.0002(1)
69Ge(EC)69Ga? (1572.99(8))
39Ca(EC)39K? (1572.5(3)) (2) (3) (,,,4)
320 1580.65(7) 0.00027(9) 74Ge(p, γ)75As? (1580.6(9)) (4) (2) (,,,4)
321 1585.43(6) 0.00023(7)
208Pb(α, d)210Bi (1586.72(9))
209Bi(n, γ)210Bi (1586.72(9)) (4) (2) (,,,4)
322 1588.07(6) 0.00042(6) 228Ac(β−)228Th? (1588.19(3)) (4) (3) (,,,4)
323 1592.62(7) 0.00015(6)
207Pb(n, n′)207Pb? (1592.22(2))
207Pb(p, p′)207Pb (1592.22(2)) (2) (3) (,,,4)
324 1597.94(6) 0.00014(7) 54Fe(p, γ)55Co? (1598.2(4)) (4) (3) (,,,4)
325 1608.80(6) 0.0005(3)
208Pb(p, γ)209Bi? (1608.53(8)
209Bi(CE)209Bi? (1608.53(8)) (4) (2) (,,3,4)
326 1613.24(6) 0.0011(2)
56Fe(n, γ)57Fe (1612.78(2))
57Mn(β−)57Fe (1612.78(2)) (4) (2) (,,,4)
327 1620.92(6) 0.0003(1)
212Bi(β−)212Po? (1620.5(1))
69Ga(n, γ)70Ga? (1620.5(8)) (1) (3) (,,,4)
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328 1633.79(6) 0.0036(5)
20F(β−)20Ne (1633.602(15))
20mNe(IT)20Ne (1633.602(15)) (2) (1) (,,,4)
329 1638.44(7) 0.0004(2) 184W(n, γ)185W (1638.20(9)) (4) (2) (1,,,4)
330 1648.41(6) 0.0003(1) 113Cd(p, n)113In? (1648.6(2)) (4) (2) (,,,4)
331 1658.34(6) 0.0006(1) 209Bi(n, γ)210Bi (1658.22(11)) (7) (2) (,,,4)
332 1667.05(6) 0.00011(7) ? (4) (3) (,,,4)
333 1674.87(6) 0.00016(7)
58Co(EC)58Fe? (1674.730(10))
58Co(EC)58Fe + L? (1675.5)
182W(n, γ)183W (1675.2(9))
(3) (2) (,,,4)
334 1680.70(7) 0.0005(1)
58Co(EC)58Fe + K? (1681.843(10))
189Os(n, γ)190Os? (1680.6(3)) (4) (2) (,,,4)
335 1694.53(7) 0.0001(2) 30Si(n, γ)31Si? (1694.87(5)) (4) (3) (,,3,4)
336 1697.69(6) 0.0002(2)
35Cl(n, d)34Cl? (1697.0(1))
40K(n, γ)41K? (1697.93(4))
196Bi(EC)196Pb? (1697.8(5))
(4) (3) (,,,4)
337 1707.23(7) 0.0002(3)
205Po(EC)205Bi? (1707.1(2))
140Cs(β−)140Ba? (1707.4(2)) (4) (3) (,,,4)
338 1711.60(6) 0.0002(4) 205Po(EC)205Bi? (1711.9(4)) (4) (3) (1,,,4)
339 1718.89(6) 0.0005(8)
206Bi(EC)206Pb (1718.70(7))
200Tl(EC)200Hg ∗ (1718.6(4)) (7) (3) (1,,3,4)
340 1725.12(6) 0.0003(4)
45K(β−)45Ca? (1725.68(7))
57Mn(β−)57Fe (1725.09(6)) (4) (3) (,,,4)
341 1729.83(6) 0.0003(3)
61Cu(EC)61Ni? (1729.473(18))
206Bi(EC)206Pb + L (1730.2) (2) (3) (,,,4)
342 1733.27(6) 0.0001(1) 108In(EC)108Cd (1732.77(2)) (4) (3) (,,,4)
343 1743.85(6) 0.0002(1) 70Ge(n, γ)71Ge? (1743.40(4)) (4) (3) (,,,4)
344 1749.56(4) 0.00023(8) 199Pb(EC)199Tl? (1749.7(1)) (7) (2) (,,,)
345 1759.41(5) 0.0012(3)
∗∗
205Bi(EC)205Pb (1760.0(4)) (7) (2) (1,,3,)
346 1761.54(5) 0.0006(2)
∗∗
205At(EC)205Po? (1761.3(3)) (7) (3) (,,,)
347 1764.47(6) 0.010(2)
205Bi(EC)205Pb ∗ ∗ ∗ (1764.36(4))
214Bi(β−)214Po (1764.491(10)) (7) (1) (,,3,)
348 1771.32(5) 0.0016(4)
∗∗
56Co(EC)56Fe? (1771.357(4)) (4) (2) (1,,3,)
349 1777.90(5) 0.006(1)
∗∗
205Bi(EC)205Pb (1775.8(1))
176Re(EC)176W? (1777.9(9))
(4) (2) (1,,3,)
350 1779.32(9) 0.008(1) 28Al(β−)28Si ∗ ∗ ∗ (1778.969(11)) (1) (1) (,2,,)
351 1783.58(4) 0.0007(3)
∗∗
137Xe(β−)137Cs? (1783.43(6)) (2) (3) (1,,3,)
352 1793.13(6) 0.00014(8) 48Ti(n, γ)49Ti (1793.478(7)) (2) (3) (,,3,)
353 1798.62(6) 0.0002(1) 122Cs(EC)122Xe? (1799.0(4)) (4) (3) (,,3,)
354 1809.57(7) 0.002(1)
207At(EC)207Po? (1805.25(6))
106Cd(3He, d)107In? (1805.7(2))
26Na(β−)26Mg (1808.68(4))
26mMg(IT)26Mg (1808.68(4))
56Mn(β−)56Fe (1810.772(17))
(4) (3) (1,,3,)
355 1818.35(8) 0.0002(3)
207At(EC)207Po + L? (1818.1)
182W(n, n′)182W? (1818.5(4)) (2) (3) (,,3,)
356 1824.78(6) 0.00015(8)
46Ti(n, γ)47Ti (1825.0(1))
51Fe(EC)51Mn? (1824.6(1)) (4) (3) (,,3,)
357 1829.19(6) 0.00024(9) 114Cd(n, n′)114Cd? (1828.8(8)) (4) (2) (,,,)
358 1832.63(6) 0.00036(9) 198Tl(EC)198Hg? (1832.6(3)) (7) (2) (,,,)
359 1836.20(6) 0.00019(7) 112Sb(EC)112Sn? (1836.0(3)) (2) (3) (,,,)
360 1842.87(6) 0.0002(1) 28Si(p,3 He)26Al? (1842.8(7)) (2) (3) (,,3,)
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361 1847.49(5) 0.00035(1) 214Bi(β−, IT)214Po (1847.429(16)) (2) (3) (,,,)
362 1854.53(6) 0.0002(1)
197Pb(EC)197Tl? (1854.04(10))
135Sn(β−)135Sb (1855.0(5)) (2) (3) (1,,,)
363 1861.58(6) 0.0005(2) 205Bi(EC)205Pb (1861.7(1)) (4) (2) (,,3,)
364 1871.16(6) 0.0002(1)
∗∗
182Re(EC)182W (1871.2(2))
182W(n, n′)182W (1871.2(2))
(1) (3) (1,,,)
365 1883.09(6) 0.0005(1)
∗∗
43Ti(EC)43Sc? (1882.5(3))
48Ti(n, γ)49Ti (1883.06(4))
(2) (2) (1,,,)
366 1888.10(6) 0.00030(8) 203Bi(EC)203Pb (1888.0(10)) (7) (2) (,,,)
367 1892.35(6) 0.0008(1)
69Ge(EC)69Ga (1891.55(7))
69Ge(EC)69Ga + L (1892.7)
203Bi(EC)203Pb (1893.0(5))
112Sb(EC)112Sn? (1892.2(5))
(1) (1) (,,,)
368 1901.99(6) 0.0010(2)
69Ge(EC)69Ga + K (1900.8)
69Ge(EC)69Ga + K + L (1901.9)
43Ca(p, p′)43Ca? (1901.8(2))
(4) (1) (1,,,)
369 1907.94(5) 0.00014(6)
103Sn(EC)103In? (1908.5(5))
192Tl(EC)192Hg? (1908.4(3)) (4) (3) (,,,)
370 1919.95(6) 0.0003(1) 72Ga(β−)72Ge? (1920.21(13)) (2) (2) (,,3,)
371 1924.40(5) 0.00020(8)
69Ge(EC)69Ga (1923.8(2))
69Ge(EC)69Ga + L (1925.0) (1) (2) (,,,)
372 1927.67(6) 0.0004(1) 201Po(EC)201Bi? (1927.5(3)) (2) (2) (1,,,)
373 1934.31(5) 0.0005(1)
69Ge(EC)69Ga + K (1933.1)
69Ge(EC)69Ga + K + L (1934.2) (2) (2) (,,3,)
374 1941.31(6) 0.0004(1) 32Al(β−)32Si? (1941.4(3)) (2) (2) (,,,)
375 1951.39(6) 0.0002(1)
35Cl(n, γ)36Cl? (1951.12647(89))
37Cl(p, d)36Cl? (1951.12647(89)) (4) (2) (,,,)
376 1959.01(6) 0.0004(1)
∗∗
35Cl(n, γ)36Cl? (1959.337(5))
37Cl(p, d)36Cl? (1959.337(5))
(4) (2) (1,,,)
377 1964.96(5) 0.0003(1) 25Na(β−)25Mg? (1964.501(45)) (2) (2) (,,3,)
378 1970.44(5) 0.0003(1)
∗∗?
36K(EC)36Ar? (1970.3(5)) (4) (3) (1,,,)
379 1977.35(6) 0.00025(1) ? (4) (2) (,,,)
380 1982.43(5) 0.0004(1)
∗∗?
27mAl(IT)27Al? (3004.0 − 2 × 511 = 1982.0) (4) (2) (1,,3,)
381 1990.24(6) 0.00021(9) 146Cs(β−)146Ba? (1990.2(5)) (4) (3) (,,,)
382 1997.85(6) 0.00020(9)
117Cd(β−)117In? (1997.33(3))
61Cu(EC)61Ni? (1998.1(1)) (2) (3) (,,,)
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